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Abstract
This thesis examines the mechanisms improving user terminal mobility in a wireless cellular 
network. It addresses the problem of the lack of self-organisation in the cell reselection algorithms 
used in the mobile radio access networks. This mechanism is an autonomous terminal mobility 
procedure used when moving between cells.
This work refers to the practical examples of the evolution of cellular technologies specified by 
3*^  ^ Generation Partnership Project (3GPP). Furthermore, this thesis is based on the detailed 
system analysis of the cell reselection procedure, aiming to identify areas where the system could 
be improved by the application of the self-organising design approach. It studies how the 
performance of the cell measurements mechanism, allowing a terminal mobility in the network 
could be increased by using the self-organising concept, in terms of the better cell reselection 
performance and the terminal energy efficiency trade-off. The main goal of these improvements is 
providing better quality of service, enhanced user experience and increased network operational 
performance while minimising maintenance costs.
The main contributions of this thesis can be summarised as follows. Firstly, it investigates the 
autonomously controlled user terminal mobility, its drawbacks, and limitations during the 
mobility between macro cells. Then, techniques increasing the energy efficiency of the terminal, 
without compromising the system performance during the cell reselection, are identified. Also, 
signalling protocol aspects during the cell reselection algorithm are studied and performance 
improvements are proposed. Furthermore, an evaluation and optimization of the cell reselection 
performance is undertaken, considering different system level and user experience criteria. It 
draws on simulation results to analyse the serving cell quality, mobility measurements effort 
impacting terminal energy efficiency and the related performance trade-offs. Finally, a self- 
organising approach based framework, with a practical example of the possible mechanism 
allowing a cost efficient self-optimization of the autonomously controlled mobility is proposed.
Key words: Cell Reselection, Energy Efficiency, Land Mobile Radio Cellular Systems, 
Neighbour Cells Measurements, Radio Access Network, Radio Resource Control Protocol, Self- 
Organising Networks
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Chapter 1
1 Introduction
This chapter gives an introduction to the research work in this thesis. Initially, the scope and 
challenges are described related to the mobility aspects in self-organising radio access networks. 
Then, the objectives and motivations are presented, followed by a brief description of main 
contributions developed as part of this research. Finally, the overview of the dissertation is given.
1.1 Scope and Challenges
Nowadays, one of the main problems which can be found in any cellular wireless system is 
achieving a good radio network configuration and performance optimization allowing a high 
quality user experience. In currently deployed networks, based on the 3 GPP [1] technologies 
family and its evolution, a mobile network operator normally needs to put a significant amount of 
effort into optimisation of parameters controlling its radio access network performance, hi 
practice, this process can be very expensive and time consuming, as it may often require a human 
input rather than automated procedures, resulting in high operating expense cost (OPEX). In the 
last decade, growing mobile traffic and increasing complexity of the network configuration has 
resulted in new trends introduced by network operators to simplify and automate those 
procedures. This could be achieved by a new automated self-optimization mechanisms and 
algorithms available in the mobile network. It is estimated that the future 5G mobile network, 
planned to be deployed beyond 2020, will not include a single technology. Rather it will combine 
and integrate evolved versions of different radio access systems, to allow an unlimited 
information access and data sharing for the huge variety of communication use cases and 
requirements [2]. This requirement emphasizes the need for the better and less expensive network 
auto-configuration, reconfiguration and coordination schemes. In particular this applies to the 
mechanism supporting user mobility in the network. One example is a cell reselection scheme 
which may be more important in the future as non-real time network services will be more diverse 
and the amount of data traffic grows. In this context, a challenge to make it more adaptable and 
better suited for the future generations of mobile networks is paramount. This research direction 
was not explored sufficiently in the existing literature and the corresponding knowledge gap 
needed to be addressed.
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Overall, while focusing on terminal mobility aspects in the radio access network and the self­
organisation of the cell reselection mechanism in particular, this research could be linked to the 
following main challenges in the future generation of communications systems:
• Massive growth in the number of connected devices and the traffic volume -  increased 
network dynamics will require greater scalability range.
• Wide range of requirements and service characteristics in terms of data rates, latency, 
device cost, energy consumption and reliability will require better network adaptability.
• Affordable and sustainable network deployment -  cost of the network infrastructure 
management for the mobile operator will need to be continuously reduced
1.2 Objectives
The main objective of this thesis is the design of a better and improved autonomously 
controlled terminal mobility mechanism guided by using the self-optimizing approach. In 
particular, it addresses different challenges in the design of the scheme allowing performance 
improvements during the cell reselection based terminal mobility in the wireless network. 
Furthermore, it attempts to define a methodology to automatically improve the system 
configuration allowing enhanced user experience and system performance during the cell 
reselection based mobility. The practical research approach taken was aimed at integrating the 
proposed methodology into the existing self-organising network architecture concept for the 
macro-mobility scenario. One of the primary aims of this work is to take into account both 
practical and theoretical study approaches to make sure the outcome is highly relevant and 
applicable to the current industry practices in modem cellular wireless networks. As a result, in 
most cases, parameters of this research are based on modem cellular technologies to improve the 
relevance of the outcomes to practical system implementations. Furthermore, the scope of 
research work presented in this thesis is mostly limited to the terminal mobility based on the cell 
reselection mechanism, which could be more important in the future generations of cellular 
networks. It does not cover the handover mechanism optimisation, as it is the area broadly 
explored in the literature.
In summary, the main motivation and more specific objectives of this research are defined as 
follows:
• To investigate and analyse autonomously controlled user device terminal mobility, its 
drawbacks and limitations during the inter cell mobility in modem wireless cellular 
networks.
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• To identify techniques for increasing the energy efficiency of the terminal using the cell 
reselection mechanism and corresponding cell measurements without compromising 
overall system performance,
• To investigate aspects of signalling protocol performance during the cell reselection 
algorithm, identify their drawbacks and propose improvements especially in the context 
of congestion scenarios,
• To evaluate the performance of the current cell reselection schemes in modem radio 
access networks, taking into account different system level and user experience criteria. It 
includes the simulation results analysis and analytical modelling of the serving cell 
quality, mobility measurements effort impacting terminal energy efficiency and the 
related performance trade-offs,
• To propose a self-organising approach based scheme, by introducing a possible 
mechanism that allows cost efficient self-optimization of the autonomously controlled 
terminal mobility and related cell reselection system configuration parameters.
1.3 Contributions
During the course of this research, there were many different approaches applied to better 
understand, analyse and improve the performance of the cell reselection algorithm taking into 
account the self-organisation design rules and requirements. The main novel parts of this work are 
summarised below with their interactions:
1) Evaluation of the current cell reselection mobility scheme in modern cellular 
networks: Initial study is based on the empirical evaluation of the quality of the 
serving cell using a test drive approach and terminal measurements in a commercial 
mobile networks performed in the field. It reveals the limitations of the mobility based 
on the cell reselection and supporting neighbour cells measurement mechanism and 
emphasises the need for further performance improvements. This contribution provided 
a valuable practical insight into the research area and was a basis for further direction 
of this study and the resulting proposals described in this thesis.
2) Proposal of a new technique to reduce the terminal energy consumption based on 
the dynamic neighbour cell measurements threshold optimization: Evaluation of 
the test drive measurements enabled new way of thinking about the neighbour cell 
monitoring mechanism. In particular, field measurements data from the autonomously 
controlled terminal mobility procedure was analysed and its drawbacks in relation to 
the energy efficiency of the terminal, caused by the static system configuration, were
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ascertained. As a result, a more dynamic approach is developed which could be more 
suitable for the future generations of cellular networks.
3) Proposal of a new mass mobility signalling congestion avoidance mechanism using 
randomized time distribution of reselections: In addition to the RF measurements 
evaluation supporting the cell reselection, the radio protocol stack impact and 
interactions were studied. During the analysis of the autonomous terminal mobility 
procedure and the related protocol signalling aspects, a new problem was identified 
related to the wireless cellular radio access network congestion caused by the signalling 
traffic generated by many terminals during a simultaneous cell reselection. Therefore, a 
novel mechanism addressing the found issue was developed and evaluated based on the 
proposed system model.
4) System performance evaluation of the serving cell quality and the measurement 
effort trade-off during the cell reselection based mobility and proposals for the 
improved scheme: Taking into account the evaluation results of the current cell 
reselection mobility scheme with the aim to further develop the proposal for dynamic 
neighbour cell measurements threshold optimization, system level simulations were 
undertaken to assess the impact of the neighbour cells measurement threshold setting 
on serving cell quality during the reselection and the measurement effort in the 
terminal. Based on the outcome of the simulation results analysis, preferable direction 
for the future improved cells measurement mechanism in the terminal is proposed to 
increase the overall system performance.
5) Design proposal of a novel self-optimization framework for the terminal mobility:
Insights from previous contributions and also thorough study of the reselection 
mechanism and its interaction with other mobility procedures in the system resulted in 
the new approach to its performance optimisation. The framework is based on the 
terminal based cell measurements and reporting, and also the analogy between mobility 
in the idle and the connected modes of the Radio Resource Control (RRC) protocol [3] 
specified by 3 GPP organisation. It includes a new method to optimize cell reselection 
parameters by using enhanced active mode measurement events. The proposed terminal 
supported cross-mode (connected vs. idle) mobility optimization scheme could be 
implemented to support the self-organising radio access network concept to both 
improve the network performance and the user experience.
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1.4 Research Output
Patents
Practical implementation ideas related to the autonomously controlled terminal mobility 
improvements identified during the course of this research were further developed and submitted 
in the following published patent applications. Please note that some patent applications were 
extended and co-sourced by other authors.
• T. Mach, M. Akselin / Nokia Corporation. (2008). An Apparatus. International Patent 
Application No: PCT/EP2008/064960 [4] - this idea is described in more details in 
Chapter 4.
• T. Mach, C.P. Callender / Nokia Corporation. (2011). Apparatus and Method for  
Deriving Idle Mode Parameters for Cell Selection /  Reselection. US Patent Application 
No: 2011/0098042 [5] - this solution is described in Chapter 6.
• T. Mach / Nokia Corporation. (2011). Method and Apparatus for Cross Mode Mobility 
Optimization. International Patent Application No: PCT/FI2010/050885 [6] - this idea is 
explored in Chapter 6.
In addition, three other related patent applications were submitted during the course of this 
research [7], [8], [9]; however they are not presented in this thesis. Furthermore, the following 
papers have already been published based on the above research work.
Conference Papers
• T. Mach and R. Tafazolli “Mass mobility signalling congestion avoidance mechanism 
using randomized time distribution of cell reselections” in Proc. International Conference 
on Telecommunications ICT, Marrakech, Morocco, May 2009 [10]
• T. Mach and R. Tafazolli “Battery Life Idle Parameter Optimization of UE in Self 
Organizing Network” in Proc. 21st Personal, Indoor and Mobile Radio Conference 
PIMRC, Istanbul, Turkey, September 2010 [11]
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Journal Papers
• T. Mach, R. Tafazolli and M. Dianati “Novel Measurement Threshold Configuration 
Scheme Based on the Traffic Load” accepted to lET Communications Journal, March 
2014
• T. Mach, R. Tafazolli and M. Dianati “Mobility Optimisation Framework in Self 
Organising Network” submitted to Wiley Wireless Communications and Mobile 
Computing Journal, April 2014
1.5 Structure of Thesis
This work is structured and aligned with the generic form of a PhD thesis and the approach 
proposed in [12]. It consists of seven main chapters starting with a description of main objectives 
and aims in Chapter 1 and the literature survey (background theory) in Chapter 2. In the next part 
(Chapters 3 to 6); research methods used are outlined with a description of work on this research 
project done to date (data theory). Furthermore outcomes are explained, including what was found 
(focal theory). Finally in Chapter 7 a discussion of the contribution is undertaken, including a 
development of the focal theory and suggestions for the future research.
Chapter 2 starts with the background information and literature survey related to mobile cellular 
networks architecture and an introduction to radio access network protocols focusing on the radio 
resource control mechanisms. It also presents a generic system design approach based on the self­
organisation and self-optimisation rules used in wireless networks. To this end, a commercial 
landscape of practical implementations of the relevant automation techniques used in modem 
mobile networks is outlined. Furthermore, this chapter signals the main problems considered in 
later parts, indicating terminal energy efficiency aspects and the cell reselection mechanism 
optimisation.
Chapter 3 introduces the autonomously controlled terminal mobility scheme based on the cell 
reselection mechanism and outlines a detailed description of how the related new problems were 
identified. Using the empirical approach based on signal measurements gathered during drive 
testing in different commercial networks, a description of the initial drawbacks and limitations in 
the current cell reselection based mobility mechanism is provided. In particular, the impact of the
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neighbour cells measurement threshold parameter supporting the terminal mobility procedures is 
considered.
Chapter 4 describes a potential radio access network congestion problem identified during a mass 
mobility event in the cellular network. It emphasizes the need for a new mechanism which could 
help to avoid the system overload caused by the signalling traffic triggered by the mobility 
procedures. Furthermore, a proposal of a new mass mobility signalling congestion avoidance 
mechanism using randomized time distribution of plurality of cell reselections is described with 
its performance evaluation.
Chapter 5 explores the problems identified in Chapter 3. These include the evaluation of the 
current mobility techniques based on the autonomously controlled terminal mobility and the study 
of its performance limitations. As a result, a new technique to reduce the terminal energy 
consumption based on the dynamic neighbour cell measurements threshold optimization based on 
the system load is proposed. To this end, it includes a performance analysis of the measurements 
mechanism applicable to the terminal controlled cell reselection algorithm. In particular, the 
impact of the measurement threshold on the cell reselection performance and the mobile terminal 
energy efficiency is studied.
Chapter 6 consists of the discussion of a novel approach to optimize the terminal mobility 
performance in a cellular radio system. Based on the analogy between idle and connected modes 
of the Radio Resource Control protocol, a new framework using neighbour cell measurements and 
reporting is introduced. It is based on a novel autonomous terminal mobility optimization design 
resulting from the performance evaluation performed in the previous chapters. The proposed 
mechanism improves both the network performance and the user experience by improving the 
mobility robustness.
Chapter 7 is the summary of the main contributions answering the question what was achieved. It 
includes a brief restatement of the original problem, seen now in the light of what had been 
learned. It also discusses avenues for the potential future research work, including recommended 
improvements and suggestions.
Chapter 2. Background
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2 Background and State of the Art
In this chapter, the essential background knowledge used in this thesis is given. First, a quick 
introduction to cellular radio access networks and their resource control mechanisms is provided. 
In particular the concept of the idle and the connected modes of the Radio Resource Control 
protocol is explained, as it is critical for understanding topics explored in further chapters. In 
particular, it is important to understand differences in how the terminal mobility is supported in 
both modes to know the meaning of the main contribution of this research described in Chapter 6. 
Furthermore, main radio protocol stack functions and interactions are presented to clarify which 
parts are involved in terminal mobility based on the cell reselection including cell measurements. 
Then, the concept of self-organising network is introduced, as it is crucial for the design of some 
presented contributions improving the reselection performance. In addition, commercial drivers 
for automation in the radio access network are briefly presented. Moreover, a radio channel path 
loss model used in the simulations explored in Chapters 5 and 6 is introduced. Besides, a high 
level summary of relevant state of the art work in the literature is presented in the context of latest 
developments on the presented topics. Among others, it includes the mobility performance, user 
terminal energy efficiency improvements and the cell reselection optimisation. Finally new 
research areas addressed in this work are identified.
2.1 Introduction
A continuous increase in wireless services traffic is having a significant input to the 
evolution of the cellular networks resulting in the growing technical complexity. An operational 
management of the wireless cellular network is a difficult and complex process. This involves 
many tasks, including a planning, configuration, optimization and maintenance. They are all 
crucial for achieving a high quality of service and improved customer satisfaction; however they 
are normally labour intensive and costly. To overcome those problems, a huge research and 
industry effort is focused on the full automation and self-organisation mechanisms reducing 
OPEX costs for the network operator. This involves different areas of the network architecture 
including both the radio access and the core network. One of the aspects identified and further 
analysed in this research, focuses on radio resource management parameters configuration 
impacting terminal mobility and the end user performance.
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2.1.1 Cellular mobile network architecture
From the system architecture point of view, a modem wireless cellular network is usually 
segmented into two distinctive but closely interacting parts as follows:
a) Radio access network part
b) Core network part
Typically, the radio network component is connected through the core network to other external 
public data or service networks such as the public internet. During normal operation, the radio 
access network using the air interface means provides radio connection services for different types 
of mobile terminals. One example of the simplified wireless mobile network architecture based on 
the 3 GPP Long Term Evolution (LTE) technology is shown in Figure 2-1. Both the radio access 
and core network nodes might be interconnected using the predefined and often standardized 
protocol interfaces (see interfaces X2 and SI in Figure 2-1 as examples).
From the end user point of view, a mobile device normally establishes a long-term association 
after attaching to the core network (CN) by forming a user context defined in the nodes of the 
core network. Apart from the identification of the related user traffic flow, this configurable user 
context is typically used by the core network to decide how the inbound or the outbound data 
should be routed in the core network between a gateway node and a serving node to which the 
user is attached. Both in the radio and core network parts, the traffic flow related to the particular 
user may be categorized based on its function as follows:
a) Control data traffic -  handled by the control plane and related to communication channel 
specific functionality and connection signalling;
b) User data traffic - handled by the user plane and related to the user data transmission and 
the related functionality.
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Figure 2-1: Simplified cellular mobile network architecture based on 3GPP LTE standard
2.1.2 Radio resource control mechanisms in the access networks
The radio access network component is responsible for managing and controlling radio 
resources available and used in the air interface between the user terminal and the access network 
node. From the end to end system performance viewpoint, bottlenecks in the air interface could be 
often the main factor contributing to the quality of the service (QoS) perceived by the end user, so 
the efficient implementation of the radio resource control protocols is crucial for the high quality 
mobile network services.
During periods of low data activity, when the user terminal is associated with the core network, 
connectivity between terminal and radio access parts, radio access and the core network parts may 
be made discontinuous. This is to save the network resources and increase the terminal energy 
efficiency. To control the radio resources and the corresponding connectivity level provided 
between the user terminal and the radio access network, a Radio Resource Control (RRC) 
protocol typically implemented within a radio access node is often used. The most important RRC 
protocol functions and services are described below:
a) Broadcast common signalling information related to the radio access network and the 
core network,
b) RRC connection control (establishment, maintenance and release) between the terminal 
and the network,
c) Control of radio resources assigned for the RRC connection (establishment, maintenance 
and release),
d) Requested Quality of Service control,
e) RRC comiection mobility support,
f) Control and configuration of the cell measurements and reporting in the terminal.
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g) Terminal paging functions,
h) Information ciphering and integrity protection.
RRC protocol often closely interacts with other protocols in the lower layers of Access Stratum, 
which is a functional layer between the user equipment and the radio access network responsible 
for data transport over the wireless connection. RRC, which is the highest Network Layer 
(Layer 3) in the radio interface protocol architecture (as illustrated in [13]), often uses services 
provided by the following layers and corresponding protocols - their main functions are described 
below:
• Data link layer (Layer 2) split into the following protocols:
o Packet Data Convergence Protocol (PDCP) -  user and control plane data 
transfer, Internet Protocol (IP) data streams header compression, ciphering and 
integrity protection.
o Radio Link Control (RLC) -  transparent, acknowledged or unacknowledged 
data transfer, QoS maintenance, unrecoverable errors notification.
o Medium Access Control (MAC) -  data transfer, reallocation of radio resources, 
reporting of measurements.
• Physical Layer (Layer 1) -  data transport services, transport channels mapping onto 
physical channels, modulation of physical channels, frequency and time synchronisation, 
radio characteristics measurements. Multiple Input Multiple Output (MIMO) antenna 
processing and beamforming. Transmit Diversity (TX diversity). Radio Frequency (RF) 
processing.
More details related to the technical requirements and functions of these protocols can be found in 
specifications defined by 3GPP Radio Access Network Working Group 2 for LTE system - [14], 
[15], [16], [17] as an example. The interaction between the RRC layer and lower layers typically 
consist of control requests to protocols in lower layers and measurements responses from these 
protocols. As an example. Figure 2-2 presents these interactions for the control plane both in the 
UMTS Terrestrial Radio Access Network (UTRAN) and the User Equipment (UE) [13].
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Figure 2-2: Radio Resource Control and lower layers protocol interactions [13]
The RRC protocol also provides services to the Non Access Stratum (NAS) set of protocols 
responsible for the access mobility management, data session management and the session 
connectivity between the radio access component and the core network part. From the protocol 
architecture point of view, the set of NAS protocols is the highest layer of the control plane and it 
can control different radio access technologies. Figure 2-3 (based on [18]) presents the horizontal 
interaction between the protocol stacks and the vertical interaction between the protocol layers in 
different nodes of the cellular network based on 3 GPP LTE standard as an example (terminology 
used: UE -  User Equipment, eNodeB -  Radio Access Network node, MME -  Mobility 
Management Entity node in the core network). The interaction in this context is realized by the 
usage of typically predefined and standardized protocol interfaces.
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network
The RRC connection is defined as a point-to-point bi-directional connection between peer RRC 
entities in the UE and the Radio Access Network (RAN). The RRC protocol is typically designed 
and specified using the state machine approach, which includes a set of predefined protocol states 
with possible transitions between them. Typically, the state transition could be triggered either by 
a connection establishment request or release (originating from the mobile or the network), a user 
terminal mobility between cells (a handover or a cell reselection procedure) or a request to 
reconfigure the radio access resources. The handover and the cell reselection could also include 
change of the Radio Access Technology (RAT) - e.g. from LTE to UMTS.
The primary difference between the handover and the cell reselection terminal mobility procedure 
is the entity which controls it. In the former, the network is responsible for both configuration and 
execution while in the latter, the network configures it and the mobile terminal executes it. The 
secondary difference is the performance requirements for both procedures, which are typically 
stricter for the handover case as it is the procedure performed for voice or data services when high 
throughput or low latency are required (e.g. real time traffic). This thesis is mainly focused on the 
cell reselection part as it is the mobility area less often studied in the literature, however it is 
expected that in the future generations of cellular networks it might be used more often due to the 
general trend of decentralization of the Radio Resource Management (RRM) control from the 
network to user terminals and an introduction of more diverse data applications [19]. More 
detailed description of the cell reselection procedure will be introduced in the further chapters of 
this thesis.
In Evolved UMTS Terrestrial Radio Access Network (E-UTRAN) also called LTE system, there 
are two predefined RRC protocol states characterised below:
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RRC Idle Mode -  There is no user data connectivity possible in this state. There are no 
radio access network resources assigned to the terminal and typically a Discontinuous 
Reception (DRX) pattern is used in order to improve the energy efficiency in the terminal 
and conserve the power. As user data connectivity between the radio access network and 
core network is not required, the connection path and corresponding interfaces between 
the nodes in the network are not established. Even in the idle mode, the user terminal may 
preserve its DP address and keep an association context with the core network to allow 
“always-on” connectivity behaviour when the device is paged if needed from the core 
network. The location of the user terminal is known by the network to the tracking area 
level typically defined as a group of cells, but the terminal is responsible for the 
autonomous control of the mobility between cells (also known as a cell reselection). To 
support the mobility mechanisms, the terminal needs to perform relatively infrequent 
measurements of the surrounding cells. The mobile terminal is required to inform the core 
network after camping on a cell located within a new tracking area. A transition to RRC 
Connected Mode state may be required to allow the user data communication, which 
requires re-establishment of the necessary radio and signalling channel resources. In this 
state, the terminal may be required to receive common broadcast signalling information 
and paging messages from the network.
RRC Connected Mode -  Full user data connectivity is possible between the terminal, 
radio access network and the core network. All associated connections and corresponding 
channels (bearers) are established between the terminal and a set of involved network 
nodes, using corresponding interfaces creating a connection path. Typically the end user 
has an immediate access to shared or dedicated radio access network resources. The 
location of the device is known at the cell level by the network, and it is the network 
which is responsible for the control of the mobility between cells (also known as network- 
controlled handover). To support mobility mechanisms, the terminal needs to perform 
frequent measurements of the surrounding cells. The power consumption normally used 
by the terminal in this state may be significant.
In UTRAN system, there are five predefined RRC protocol states:
• RRC Idle Mode -  This state is similar to Idle Mode in LTE and no user data connectivity 
is possible. There are no radio access network resources assigned to the terminal and 
typically the Discontinuous Reception (DRX) pattern is used to improve the energy 
efficiency in the terminal and conserve the power. As the user data connectivity between
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the radio access network and the core network is not required, the connection path and 
corresponding interfaces between the nodes in the network are not established. Even in 
the idle mode, the user terminal may preserve its IP address and keep an association 
context with the core network to allow “always-on” connectivity behaviour when the 
device is paged if needed from the core network. The location of the user terminal is 
known by the network to the routing area level typically defined as a group of cells, but 
the terminal is responsible for the autonomous control of the mobility between cells (also 
known as the cell reselection). To support mobility mechanisms, the terminal needs to 
perform relatively infrequent measurements of the surrounding cells. The mobile is also 
required to inform the core network after camping on a cell located within a new routing 
area. A transition to RRC Connected Mode state (in particular CELL DCH or 
CELL FACH states, see below for details) may be required to facilitate user data 
communication which requires re-establishment of the necessary radio and signalling 
channel resources. In this state the terminal may be required to receive common broadcast 
signalling information and paging messages from the network.
The RRC Connected Mode, which includes the following sub-states characterised below 
in increasing connectivity and terminal energy consumption order:
o URA_PCH state - There are no radio resources available for data 
communication in this state; however the user data communications bearers 
through the radio access network remain established. A state transition (relatively 
quick) to CELL DCH or CELL FACH (see below for details) is necessary to 
permit data activity as the user data communication is not possible. To increase 
energy efficiency, periodic checking of the paging channel is performed by the 
terminal based on a preconfigured DRX cycle, in order to allow reconfiguration 
indication to a more active state. Mobility is autonomously controlled by the 
mobile and its location is known to the registration area which may consist of a 
significant group of cells. To support the mobility mechanisms, the terminal 
needs to perform relatively infrequent measurements of the surrounding cells.
o CELL PCH state - This state is similar to the URA PCH protocol state with a 
main difference related to the fact that the terminal mobility is now known to a 
cell level. This requires the network to be updated every time a new cell is 
entered, causing additional signalling and increasing energy consumption in the 
terminal comparing to a location update only for the registration area used in 
URA PCH state. As in URA PCH, mobility remains autonomously controlled by
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the mobile. To support the mobility mechanisms, the terminal needs to perform 
relatively infrequent measurements of the surrounding cells.
o CELL FACH state -  Only small part of common or shared radio resources 
usage is possible in this state, allowing a low level of user data connectivity 
typically using small amounts of information. Often DRX cycle is used to allow 
the energy efficient operation of the terminal. The connection path is established 
between the involved network nodes and necessary bearers remain established to 
reach the terminal. The mobile terminal is able to autonomously control its cell 
level mobility and its location is known to the cell level. To support the mobility 
mechanisms, the terminal needs to perform relatively frequent measurements of 
the surrounding cells.
o CELL DCH state -  A full user data communication is possible in this state due 
to the maximum connectivity configured between the terminal, radio access and 
the core network. Along the connection path, all the associated bearers and 
interfaces are established between the mobile terminal and the set of involved 
network nodes. The end user device is able to quickly access the required 
dedicated or shared radio resources. The main difference comparing to the 
previous states is the network control of the cell level mobility (known as 
handover). To support the mobility mechanisms, the terminal needs to perform 
very frequent measurements of the surrounding cells. The location of the terminal 
is known to the cell level by the network and the power consumption in the 
device may be relatively high.
All RRC Connected mode sub-states apart from the CELL DCH state could be working either in 
the “in service” or “out of service” mode depending of the received RF signal performance. The 
”in service” mode typically allowing a full access to the protocol services and resources in 
particular state is only enabled when the minimum received signal performance criteria are 
fulfilled. Figure below presents as an example the overview of these RRC states and the allowed 
transitions between them including LTE and UMTS instances of the RRC protocol as specified in 
[20] (for the sake of brevity Global System for Mobile Communications - GSM part is excluded 
from the picture).
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Figure 2-4: Overview of LTE and UMTS RRC protocol states and transitions between them (based
on [20])
2.1.3 Self-organisation principles
Continuous evolution in complexity and advances in communication systems resulted in a 
requirement for introducing self-organisation mechanisms. The main idea was to identify and 
apply in communication networks, techniques already observed in the surrounding nature. A good 
example of the self-organised behaviour is a well-structured swarm of fish swimming in the water 
or a group of ants finding the shortest route to the food source. It has been observed that such 
complex behaviours typically do not require any main coordinating “brain” and instead a high 
level of flexibility, adaptability, robustness and scalability is observed between directly interacting 
entities. Traditional approach to designing telecommunication systems did not explore similar 
principles, resulting in significant resources required for central planning, configuration, 
deployment and coordination.
One of the first examples of self-organisation concept introduction in future cellular networks was 
described in [21]. At the beginning of the paper, authors attempted to give a definition of the self­
organisation;
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”...functionality that allows the network to detect changes, make intelligent decisions based 
upon these inputs, and then implement the appropriate action, either minimizing or maximizing 
the effect o f  the changes ” [21].
Then, authors analyse the motivations for self-organisation in wireless networks and identify 
numerous mechanisms and their applicability in different cellular environments (pico / micro / 
macro) as follows:
• Radio resource management -  It includes employing the power control and the 
channel allocation procedures to efficiently utilize radio spectrum resources in the 
network.
• Adaptive cell sizing -  It relates to dynamic adjustment of the cell coverage based on 
the current traffic load.
• Situation awareness -  A base station detects changes in the propagation environment 
and tries to optimize the coverage area in the accordance with this new environment.
• Dynamic charging -  It refers to adjusting operator’s pricing strategy to incentivize 
users based on their usage of radio access network resources.
• Base station bunching -  A concept of advanced base station with a number of small 
antennas for remote sensing which have little intelligence. It involves a central unit that 
controls antennas or base stations which decides on channel allocation, service request 
and handover and controls all the traffic in its coverage area to maximize the resource 
utilization.
• Intelligent handover -  Apart from the mobile terminal speed and service type, taking 
into account current resource utilization during inter cell mobility.
• Intelligent relaying -  A concept of a terminal which is able to pass data directly to 
other terminals, rather than directly to the base station.
While trying to estimate possible performance improvements by application of the proposed 
mechanisms to 2G and 3 G standards, authors also proposed the following criteria to consider 
when evaluating wireless network topologies and resource management strategies:
• Planning and deployment cost
• Capacity
• Coverage
• Flexibility
• Future potential
Furthermore, authors highlighted the fact that broadly speaking, the user mobility requires
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adaptability in the communication system. This would include requirement for some form of self- 
organisation in the devices. Despite its benefits, the paper did not analyse or propose detailed 
design principles and approaches to achieve the self-organisation.
Based on [21], it would appear that a main question which needs to be answered, when trying to 
develop self-organising network function relates to the applicable principles and design 
paradigms. This question seems to be partially addressed in another work, described in [22] 
introducing four common self-optimization paradigms and presenting how they could be reflected 
in different network protocols. The following generic principles were identified there:
• Design local behaviour rules that achieve global properties -  distribute responsibility 
among individual entities which contribute to the collective objective.
• Do not aim for perfect coordination - exploit implicit coordination -  tolerate and 
handle imperfect coordination between entities.
• Minimize long-lived state information -  by employing discovery mechanisms, network 
entities could acquire necessary information about other entities only when it is needed. 
In practice, the more localized interactions and coordination between entities, the less 
state information should be maintained.
• Design protocols that adapt to changes -  communicating entities are able to react to the 
continuous changes in the environment (due to failures, mobility, timers etc.) Because no 
central controlling entity is available, entities are responsible for the monitoring function 
and responding to the changes in their environment.
Also finally, based on those common design paradigms, authors defined a generic approach and 
methodology to design self-organising network functionality which is presented in Figure 2-5, 
however a practical example of the network mechanism developed based on the proposed design 
approach, is not given in the paper. Although concepts presented in the paper are generic, with 
broad scope of possible applications, only limited analysis and examples in wireless mobile 
networks are provided.
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2.1.4 Radio channel model
In this section we introduce the radio channel path loss model included in system level 
mobility simulator designed by the author in Matlab environment. The simulator is used for 
various performance evaluations described in Chapter 5 and 6. More details of the system models 
and simulation assumptions are also presented there.
In principle, the path loss is the decrease in power density of a radio wave during its propagation 
through space. It could be caused by many different factors, including free space loss, penetration 
losses, diffraction effects etc. This term is often referred to in the context of wireless signal 
propagation in mobile communications. It is typically used as part of the link budget calculations. 
In practical use, the path loss is a function of the transmitted signal frequency, a distance between 
the transmitter and the receiver and characteristics of environment between them.
There are different path attenuation models dedicated for various RF conditions described in the 
literature. The path loss model dedicated for vehicular test environments is used here in the
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Matlab simulator. It is one of the propagation models, along the indoor office and outdoor to 
indoor and pedestrian environments, described and recommended by ITU for the evaluation of 
IMT2000 3G compatible wireless technologies in [23]. The vehicular test environment model was 
later adopted by ETSI [24] and 3 GPP [25], as part of the evaluation methodology and their work 
on one of wireless standards. It is typically applicable for various test scenarios in urban and 
suburban areas, where the buildings are of similar height. It is chosen by the author, as it is well 
suited for the typical outdoor mobility scenarios in the macro cellular radio environments 
evaluated in this thesis.
Among other guidelines, the ITU document [23] provides a detailed introduction and description 
of the vehicular test environment attenuation loss model. For the sake of simplicity, below we 
present only the basic version -  see formula (2-1).
L = 40(1 -  4xlQ-3/ih) Zo i^o(R) -  18 Zo4io(&&) + 21 l o g M )  + BOdfi, (2-1)
where:
L - path loss in dB;
R - base station - mobile station distance in kilometres;
f  - carrier frequency in MHz;
hb - base station antenna height, in metres, measured from the average rooftop level.
Considering a carrier frequency of 2000 MHz and a base station antenna height of 15 metres, the 
formula becomes:
L = 128.1 + 37.6 logtoiR). (2-2)
2.2 State of the art
2.2.1 Commercial perspective and industry view
The technical and business aspects related to supporting self-organisation in mobile 
networking are presented in [26] and [27]. From the wireless industry standpoint, 3GPP 
organisation which is one of its biggest Standards Developing Organisations (SDO) already 
specified some features for the current 4G Long Term Evolution networks to support Self 
Organising / Optimising Network (SON) concept in E-UTRAN specification [28], [29] and [30]. 
In addition, another industry organisation - Next Generation Mobile Networks Alliance (NGMN)
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[31] further developed proposed 3 GPP SON use cases, providing the technical view of the mobile 
operator community on the problem of network planning, deployment, optimization and 
maintenance. They also proposed a generic definition of the Self-Organising functionality in the 
cellular network, which is followed further in this document [32], [33] and [34]:
Self-Organising functionality  -  A self-organising function in a mobile network includes 
processes which require minimum manual intervention
The main part of the 3 GPP SON specification [28], is a description of the use cases supporting 
automated Radio Access Network (RAN) configuration and optimization to reduce OPEX costs 
for the mobile network operator.
Some examples of the main SON use cases defined by 3GPP with their objectives are described 
below:
• Coverage and capacity optimization -  to optimize the network coverage and capacity 
and their trade-offs.
• Energy savings -  to reduce the energy expensed for the mobile network operator. This 
could be achieved by matching the offered network capacity with the existing traffic 
demand.
• Interference reduction -  to improve the network capacity by interference reduction 
using switching off cells which are not needed for the existing traffic.
• Automated Configuration of Physical Cell Identity -  to configure physical cell 
identifiers of the radio cells without conflicts.
• Mobility robustness optimization (MRO) -  to reduce the number of the handover- 
related radio link failures and to reduce the inefficient use of network resources due to 
unnecessary or missed handovers.
• Mobility load balancing optimization -  to optimise cell reselection or handover 
parameters in order to cope with the unequal traffic load and to minimize the number of 
handovers and redirections.
• Random Access Channel (RACH) Optimisation -  to minimize access delays and 
uplink interference during the call setup.
• Automatic Neighbour Relation (ANR) Function -  to build and maintain neighbour cell 
relationships.
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•  Inter cell interference coordination -  to reduce or avoid cell interference by coordinated
usage of the available radio resources in the related cells which leads to the improved
Signal to Interference Ratio (SIR) and the corresponding throughput.
Another example of the continuous self-organisation vision in wireless networks was developed 
and described as the outcome of the research project SOCRATES [35], which is illustrated in 
Figure 2-6. More detailed technical requirements can be found in one of the project deliverables 
[36], where the following types of use cases undertaken in the network on a continuous basis are 
defined;
• Self - configuration
• Self - optimization
• Self - healing
Measurements
c o n tin u o u s  i 
c y c le  I
optimisation
settings
Self- g
configuration Ê  Self-:\
incidental
triggers
Figure 2-6: Vision on wireless network self-organisation according to project SOCRATES |351
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2.2.2 User terminal energy efficiency improvements
The design of cellular mobile communication systems has traditionally been driven by the 
main requirement of achieving better coverage and user experience without compromising system 
capacity. In parallel, the ongoing evolution of mobile terminal technology resulted in increased 
power consumption due to a better end user experience offered. One of the main problems with 
the improved quality of service provided by new multimedia services is significantly increased 
energy consumption in the user device [37]. As a result, in parallel to increasing data transfer
speeds, more consideration should be given to new system level methods to optimize the UE
energy efficiency. Also, the fact of the network centric approach in the design of the modem 
cellular technologies resulted in mechanisms that could be further improved and optimized for the 
better UE battery life. Nowadays, different aspects related to optimizing the energy efficiency in 
the terminal are becoming increasingly important in the context of further technological 
advancements for the users.
Some aspects of the aforementioned problem have been studied in recent years. In the paper [38], 
the authors identified three generic constraints applicable to mobile communications:
• Need to maintain a minimum quality of service over time varying channels;
• Need to operate with limited energy resources;
• Need to operate in heterogeneous environment.
In many cases, mechanisms available in wireless communication systems define a trade-off 
between system performance and the battery life of the user terminal. There are some UE or the 
network implementation specific mechanisms which could impact the battery life. One example is 
a scheduling of common broadcast signalling messages. In the idle mode of operation (RRC 
protocol state), a mobile network broadcasts different radio and system configuration parameters 
using common control signalling. This type of system data is typically structured in information 
blocks. The impacts of the scheduling of system information blocks broadcasted by the network 
were analysed in [39]. Two points were identified: the scheduling mechanism has a great impact 
on battery time; and too the impact grows with increasing user mobility. As a result, mobility 
could be considered as one of the potential factors impacting the energy efficiency of the terminal. 
This relation might be also observed when analysing other network procedures.
Another important mechanism available in the network is an ability to inform a particular device 
about the incoming mobile terminated connection. This function is usually provided by a paging 
procedure. The paging channel impact and potential improvements related to decreasing the 
terminal awake time, resulting in some battery life savings are described in [40]. Different aspects 
related to the terminal RF and the baseband design with the UE power consumption models are
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described in [41] and [42]. The former paper analyses the challenges in both the radio transmitter 
and the receiver chain and also studies some aspects related to multi-mode and multi-band 
terminal operation. This work shows that about 58% of the total power consumption in the 
terminal is related to the RF subsystem only. In practical terminal implementations, there may be 
many wireless technologies supported in parallel. Furthermore, different mobile applications may 
have different characteristics resulting in various patterns of radio resources usage. This factor 
may significantly contribute to the energy efficiency in the terminal. One example of a study 
comparing GSM, 3 G and Wi-Fi technology energy consumption characteristics is provided in 
[43]. This work demonstrates that both cellular technologies could be energy inefficient, 
especially when the application data transfer was completed. Based on this insight, authors 
developed an application oriented model and a protocol reducing the energy consumption. The 
problem of a radio resource release efficiency controlled by the data inactivity timers and its 
impact on the battery consumption was also investigated in [52] with a proposal of a new protocol 
optimising the release process. As a result, it could be concluded, that the efficient interaction 
between the user application and the radio resource layer is critical in reducing the wasted energy. 
An overview of the energy consumption in different parts of the modem mobile terminal platform 
is further provided in [44]. Here the authors identified that contrary to laptop devices, most of the 
energy consumption in a mobile terminal comes from the wireless communications, not the 
display or the Central Processing Unit (CPU). As a result, it could be argued that potential further 
system improvements related to energy efficiency in a cellular modem part of the user device 
could significantly contribute to increased battery time. However, avoiding the negative impact on 
user experience should be also considered while introducing these improvements to the system.
Current research related to self-organising wireless networks focuses mainly on improvements of 
network algorithms (e.g. main driver for energy savings use case is OPEX decrease achieved by 
energy savings in the network e.g. cell switch on/off [28]). However, it would be desirable to 
study the application of the self-organisation design principles mainly in the context of the UE 
performance improvements including the energy efficiency. Nowadays, the main commercial 
driver for the mobile terminal development is an increased throughput for the end user, with less 
consideration given to optimize the power consumption in the mobile terminal [45]. To overcome 
this problem, a significant research and the industry effort is focused on many different areas -  
improving battery technology [46], display [47], [48] and processor [49].
Another way of addressing the terminal energy efficiency performance problem is by using a 
proper radio access network optimization. This could be achieved by different system level 
methods to optimize RRM control parameters of the RRC protocol and its parameters impacting 
the terminal battery efficiency [20], [11], [51]. A high quality optimization of different protocol 
configuration parameters, taking into account both the system performance and the UE energy
25
Chapter 2. Background
efficiency is a non-trivial problem. A proper planning and the optimization of the mobile network 
should include all those aspects. One example for Wideband Code Division Multiple Access 
(WCDMA) based network is presented in details in [50]. Furthermore, a considerable effort has 
been made to analyse the network optimization challenges, in relation to the traffic load sharing 
and capacity gains in multi-carrier [53], [41] and inter-system deployments [54]. However limited 
work has been done to analyse the UE energy efficiency and the battery life impact in those 
systems.
Some terminal battery consumption improvements in the context of inter-frequency small cell 
search and measurements based on the terminal mobility state are considered in [55], [56]. Here 
the authors observed that system performance benefits, including improved mobility and reduced 
signalling could be achieved in parallel to the energy efficiency gains.
One of the missing points in the self-organising network research is the support for the better 
terminal energy efficiency, without compromising the general idle mode mobility performance. 
This problem is studied and addressed in further chapters of this thesis using the approach which 
would be applicable to the SON algorithms.
2.2.3 Mobility performance and the cell reselection optimisation
One of the unexplored aspects in the self-organising networks area is the UE mechanism 
to support idle mode cell reselection parameters, where the new optimisation methods need to be 
defined and analysed. The mobility robustness optimization use case studied by 3 GPP as part of 
the SON functionality described in the technical report [28], indicates the need to address mobility 
related problems; however it mainly focuses on the network controlled terminal mobility 
(handover - HO) and related issues. In particular, it states that “Manual setting o f  HO parameters 
in current 2G/3G systems is a time consuming task. In many cases, it is considered too costly to 
update the mobility parameters after the initial deployment. ” The use case addresses a radio link 
failure problem caused by the incorrect handover parameter settings (radio link failure is typically 
triggered after detecting prolonged transmission problems in physical layer, MAC or RLC 
protocol) which could negatively impact the user experience and the network resources. To this 
end, suboptimal HO settings may result in a degraded service quality and reduced mobility 
performance. A typical example is a wrong handover hysteresis setting which may result in the 
prolonged terminal connection to the source (rather than target) cell or the Ping-Pong mobility 
effect between the source and the target cell. Furthermore, the use case identifies four groups of 
HO related failures as follows;
a) Problems caused by late HO trigger,
b) Problems caused by early HO trigger.
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c) HO to wrong cell problems,
d) Unwanted HOs subsequent to the connection setup (e.g. after leaving the idle mode RRC 
protocol state).
The last group is mainly caused by the cell reselection parameters, not being aligned with the HO 
parameters, potentially resulting in undesired cell changes after moving to the connected mode 
(during RRC connection establishment). These unnecessary handovers should be avoided, as they 
may generate additional signalling procedures in the radio interface, reducing air interface 
efficiency and may also deteriorate the user experience by increasing the data transmission delay. 
This problem however, and its potential solutions was not studied in the literature and is 
addressed and further explored in Chapter 6.
The use case also specifies two main objectives of the mobility robustness optimization as 
follows:
• Reduction of the number of handovers related to radio link failures,
• Reduction of the inefficient use of network resources, due to unnecessary or missed
handovers.
To address the mobility related issues, the study report specifies the following Mobility 
Robustness Optimization functions in SON:
• Detection of Too Late HO,
• Detection of Too Early HO,
• Detection of HO to a Wrong Cell,
• Reducing inefficient use of network resources due to unnecessary HOs,
• Optimization of cell reselection parameters.
Finally, the report describes which mobility parameters could be optimized, but unfortunately the 
report does not provide many technical details related to the solutions of the identified problems 
especially in the context of the cell reselection based mobility. The following mobility parameters 
are mentioned, with an extension possibility depending on the adopted optimization solution (they 
will be further explained in the following chapters of this thesis):
• Hysteresis,
• Time to Trigger,
• Cell Individual Offset,
• Cell reselection parameters.
One example of the handover focused mobility robustness optimization is presented in [57];
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however some aspects of the cell reselection performance with a consideration for the energy 
efficiency in the terminal are also studied in the literature. Cell reselection parameter 
optimizations based on the measurements from some commercial network deployments are 
described in [58] (study of the intra-frequency cell reselection) and [54] (study of the inter-system 
cell reselection). Results presented in the former, provide useful insight into different system 
configuration parameters trade-offs, including the neighbour cells measurement threshold in the 
terminal, however they consider only low and medium user mobility scenarios, and do not 
provide analysis on the real impact of the traffic load in the system, as the study is based on the 
field measurements from a commercial networks, without a full control and visibility of the 
system traffic load.
Other studies, related to the tuning of the reselection algorithm, providing quantified trade-offs 
between the terminal standby time and the serving cell quality are presented in [59]. This paper 
proposes a simple batteiy life model, which could be used to analyse the impact of neighbour cell 
measurements and the cell reselection parameters in the terminal. The main strength of this work 
is the fact that radio channel measurements based on urban commercial deployment were used for 
tuning the system simulator used in further evaluation; however the used data included only 
mixed stationary and low mobility conditions.
In another work [60], some deployment and cell reselection parameters setting guidelines for 
different network scenarios are provided, however the main focus of the study is only on the inter­
frequency mobility in a multi-carrier WCDMA radio access network deployment.
A problem of the UE idle mode battery performance optimisation has been investigated in the 
research literature from many different angles. One of the first approaches, introduced two state 
(talk mode and standby mode) battery consumption model based on CDMA 2000 technology 
[40]. Another paper [58], further adapted this model to UMTS system for cell reselection 
optimization purposes. In the latter study, different intra-frequency cell reselection parameter 
settings (e.g. Sintrasearch measurement threshold parameter, used to allow the network to control 
the neighbour cells measurements on the same frequency during the cell reselection based 
mobility) were optimized for the terminal standby time and the camping (serving) cell quality. 
The impact of different reselection parameters was investigated, based on the field data from 
diverse RF environments (e.g. outdoor, indoor, low / high terminal speed, pilot / not pilot 
polluted) collected in some commercial networks. Similar approach was used in the study [54], to 
provide recommendations for inter-system cell reselection parameter settings in different RF 
environments: network-boundary scenario, coverage hole and the entering-the-building scenario 
in the WCDMA network. As the outcome of that analysis, a set of engineering values of system 
parameters (e.g. recommended Sintrasearch threshold parameter setting) was proposed, as a good 
compromise for all analysed scenarios.
Another study of the recommended cell reselection configuration and its parameters settings for
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the different deployment scenarios in multicarrier WCDMA network in the context of the mobile 
device standby time analysis was provided in [59].
Detailed analysis of the state of the art shows, that to achieve the maximum performance, the 
system level cell reselection parameters should be fine-tuned for specific deployment scenario or 
even more aggressively, on a per cell basis. The problem of the self-optimization of those 
parameters is missing in existing studies and that fact was another motivation in this thesis. This 
issue could be addressed by the self-organisation concept proposed by different authors and 
partially adopted by the mobile wireless industry - its extension to the idle mode of RRC protocol 
will be a basis for further studies described in this research.
Above-mentioned practical aspects, related to the optimization of the cell reselection mobility 
parameters and some related problems, are lacking in the previous literature and they were the 
inspiration and the main motivation for this research work.
2.3 Summary
Based on the evidence of the state of the art and the previous work presented in this 
chapter, it has been found that although significant research, standardization and industry effort in 
wireless networks are put into the self-organisation mechanisms and the mobile terminal 
performance improvements, there is still a scope for further work especially in the areas and 
solutions related to:
a) Energy efficiency performance improvements during autonomously controlled terminal 
mobility. This mainly covers the radio resource management optimization, when the cell 
reselection algorithm is used with potential support for decreased energy consumption in 
the device without compromising the general performance of the autonomously 
controlled terminal mobility.
b) Optimization of the cell reselection mobility parameters. This relates to the mobility 
robustness optimization and is particularly aimed at reducing the number of undesired 
handovers, triggered shortly after the connection setup.
c) Self-organising approach and techniques to improve the cell reselection mechanism and 
its performance, both from the system and the end user point of view.
These and related aspects described in this chapter are further studied and investigated in the 
following chapters of this thesis. Furthermore, as this work is significantly based on the examples 
of modem wireless technologies, some practical and implementable solutions to address them are 
proposed which could be easily applicable to the future generations of wireless cellular networks.
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Chapter 3
3 Energy Efficiency Optimization during Cell 
Reselection
This chapter proposes an idle mode terminal mobility mechanism used in modem cellular 
networks with its performance evaluation. Furthermore, the study presented here identifies the 
main limitations of the proposed mechanism and as a result, set the scene for further research 
work described in this thesis. The analysis is based on data gathered from major commercial 
networks available in United Kingdom.
3.1 Introduction
So far, there has been limited research focused on the idle mode and on minimising the UE 
energy consumption in the context of Self Organising Networks. In this chapter, an attempt to 
address this gap is made based on a practical approach. Here, a cell reselection algorithm is 
described in more detail. This algorithm decides on which cell a user equipment is camped on 
when in RRC idle mode (there is no dedicated radio connection with a mobile network, only 
common broadcast signalling in downlink is possible). This terminal measurement evaluation 
study is based on modem cellular network data gathered using the drive testing approach taken 
from four different commercial networks. Furthermore, it presents a novel mechanism which 
increases user terminal energy efficiency. A new technique to reduce the UE energy consumption 
in the idle mode based on dynamic Sintrasearch neighbour cell measurements threshold 
optimization is proposed. System analysis covers both UTRA and E-UTRA - Long Term 
Evolution (LTE) technology.
Next section presents the overview of the mobility mechanism autonomously controlled by the 
mobile terminal. In the following section, the improved Sintrasearch threshold configuration 
mechanism is proposed. Finally, performance evaluation of the new scheme is discussed with the 
conclusion given in the final section.
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3.2 Neighbour cells measurements threshold in the cell reselection 
algorithm
In the idle mode of operation, a UE periodically, using Discontinuous Reception (DRX) 
cycle, monitors the performance of the current cell and neighbour cells to maintain the service 
continuity for the user. Based on the pilot channel quality (e.g. expressed as the received energy 
per chip divided by the power density in the band for WCDMA) or the pilot signal power 
(network decides which is preferred, however the quality is typically used), the UE triggers the 
cell reselection procedure when there is a better cell available for the service. This allows the UE 
to camp on the more suitable cell. The UE attempts to detect, synchronize, and monitor intra­
frequency, inter-frequency and inter-RAT cells indicated in the measurement control system 
information of the serving cell. The UE measurement activity is also controlled by measurement 
rules, allowing the UE to limit its measurement activity, if certain conditions are fulfilled [61]. 
Cell reselection is controlled by the UE and uses configuration parameters broadcasted in every 
cell by the radio access network [20], in the system information messages (SIB messages).
One of the important parameters is a neighbour cells measurement threshold {Sintrasearch) used 
by the UEs in the idle mode. Sintrasearch is optionally provided by the network in SIB messages 
and specifies the threshold (in dB) for the intra-frequency measurements. In [62], it was identified 
that in more than 40% of cells in commercial HSPA networks, Sintrasearch threshold is not sent 
(the value is undefined). According to the system requirements, this configuration mandates 
continuous neighbour cells measurements in the UE, potentially resulting in significantly reduced 
energy efficiency and causing a negative impact on the battery life and the user experience. 
According to the 3GPP HSPA Release 11 specification TS 25.304 [61] section 5.2.6.I.1, 
neighbour cell measurements rules are defined as follows:
• If Squal > Sintrasearch, UE may not perform intra-frequency measurements
• If Squal <= Sintrasearch, UE performs intra-frequency measurements
• If Sintrasearch value is not sent to the UE from the serving cell, the UE performs intra­
frequency measurements
Where,
• Squal [dB] = Qqualmeas -  Qqualmin
• Qqualmeas -  Measured cell quality value. The quality of the received signal expressed in 
CPICH (Common Pilot Channel) Ec/No [dB], see [63] for detailed definition
• Qqualmin -  Minimum required quality level in the cell [dB].
It is worth noting that the existing 4G system using LTE Advanced technology uses the same
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measurement threshold scheme based on the reference signal received quality (RSRQ), which 
may be considered as CPICH Ec/No (received energy per chip divided by the power density in the 
band) equivalent. However, it also uses another threshold, based on the reference signal received 
power (RSRP). As a result, the applicability of the results presented in this thesis to 4G system is 
mostly limited to the RSRQ based threshold and a similar study would be required for the RSRP 
based threshold.
The cell reselection procedure may be delayed by the Treselection parameter defined in [61]. The 
UE reselects a new cell, only if it is better than the serving cell during the time period 
Treselection.
Figure 3-1 graphically presents the idle mode neighbour cell measurements parameters that are 
used during the cell reselection process in the UE. As observed in this figure, the Sintrasearch 
setting is a balance between the serving cell received quality level and the UE energy 
consumption, due to the additional power required for signal quality measurements of the 
neighbour cells:
• If it is set too high, the UE starts measuring neighbour cells a long time before the cell 
reselection to a better quality cell (noting that the UE may also be required to measure 
neighbour cells to which it never performs the reselection). As a result, Sintrasearch 
setting in SIB could reduce the UE batteiy life in the idle mode, if it is set too high. It was 
identified, that the energy consumption increase due to continuous intra-frequency 
measurements could be more than 20% [64]. This may happen due to the additional UE 
effort required for measuring the performance of adjacent cells, before cell reselection 
happens. The higher the Sintrasearch value, the sooner the UE starts neighbour cell 
measurements before the expected cell reselection to a better quality cell.
• If it is set too low, there could be a delay in reselecting to a neighbour cell and an 
increased likelihood of the UE being unreachable for paging (due to the UE going out of 
service below Qqualmin level).
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Figure 3-1: Neighbour cell measurements parameters in idle mode
Current 3GPP requirements define the Sintrasearch as a static parameter on a per cell basis. Such 
a solution includes the following disadvantages:
• When cell conditions change e.g. in terms of Ec/No (received energy per chip divided by 
the power density in the band) due to the traffic load change, the static Sintrasearch value 
could be suboptimal,
• Finding the optimal parameter value taking into account a scattered and varying cell 
coverage could be difficult and costly for the mobile operator,
• When Sintrasearch is set too high, there could be many terminals in the cell which 
measure neighbour cells unnecessarily, negatively impacting their energy efficiency end 
the user experience.
Considering the above factors, it was identified that the current solution based on the static 
parameter setting is suboptimal with possible space for some performance improvements. To 
support further analysis, in the following sections an improved mechanism is proposed with its 
performance evaluation.
33
__________________________ Chapter 3. Energy Efficiency Optimization during Cell Reselection
3.3 Novel measurement threshold optimisation method in Self 
Organising Network
From the terminal implementation point of view, the current Sintrasearch measurement 
mechanism requires continuous attempts (based on the DRX cycle) to search and measure new 
neighbour cells on the current frequency, if the serving cell signal quality is below the threshold. 
However if the threshold level is high, the terminal would need to perform the measurements 
continuously, even when the serving cell quality is good (and the mobility to a neighbour cell may 
not be beneficial). In those cases, the valuable energy spent for this measurement activity may be 
considered as wasted. As a result, it can be argued that in some cases potential idle mode energy 
efficiency improvement in the terminal may be achieved (due to reduced neighbour cells search 
and measurement effort) by the Sintrasearch threshold optimisation; however from the system 
perspective the process should not compromise the idle mode UE mobility. Related performance 
improvements could be achieved by introducing a new automated dynamic measurement 
threshold adjustment mechanism (per cell) supported by SON algorithms. An example of the 
algorithm which could implement this mechanism in every cell is presented below:
1. Set initial Sintrasearch threshold value in the cell {Current Sintrasearch in Figure 3-2)
2. During eveiy cell reselection, the UE measures ''Sintrasearch delta’ parameter (defined 
as a difference between the Current Sintrasearch and Ec/No during cell reselection 
event - see Figure 3-2 for details) and reports it to the network.
3. Based on statistical analysis of reported parameters from many UEs, the network could 
adapt Sintrasearch value accordingly {OptimisedSintrasearch on Figure 3-2).
More detailed analysis of gathered logs, presented in the following sections, estimates how much 
the UE idle mode energy consumption could be decreased by optimising Sintrasearch threshold 
value in the network. To quantify expected savings, a new method was proposed to find the 
optimal value of the intrafrequency Sintrasearch measurement threshold in the UE based on 
'Sintrasearch delta’ parameter calculation in the RRC idle mode. The method with definition of 
the 'Sintrasearch delta’ parameter is illustrated in Figure 3-2. Treselection is a SIB parameter 
(hysteresis timer) after which a reselection to the neighbour cell is triggered in the UE. The 
parameter 'Sintrasearch delta’ is defined as a difference between 'Current Sintrasearch' and 
Ec/No value during the cell reselection event. The 'Optimised Sintrasearch’ parameter is the 
'Current Sintrasearch' reduced by the 'Sintrasearch delta '.
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Figure 3-2: Method of finding the optimal value of intrafrequency Sintrasearch measurement 
threshold in UE based on ‘Sintrasearch delta’ calculation during idle mode cell reselection
3.4 Performance analysis
3.4.1 Test drive field data evaluation
Based on real-time logs gathered in summer 2009 by the HSPA user terminal in four 
commercial wireless networks, an evaluation study was performed to better understand how far 
intrafrequency Sintrasearch threshold setting could be optimised. The following networks were 
studied -  Vodafone (Network A), Three (Network B), Orange (Network C) and 02  (Network D). 
All measurements were obtained using Nokia test phone around different locations near 
Famborough, Hampshire (United Kingdom) and are based on the outdoor mobility scenario 
between many macro cells (user in the Nokia drive testing van).
Using the gathered logs, an analysis of the time spent above and below the threshold shows how 
much the UE idle mode energy consumption could be decreased by optimising Sintrasearch value 
in the network (without failing to perform any of the reselections that were seen in the mobility 
scenario captured in the logs). Table 3-1 presents the characteristics of logs for the four different 
networks analysed: A, B, C, D. Figure 3-3, Figure 3-4, Figure 3-5 and Figure 3-6 present the UE 
measured Ec/No values with related Sintrasearch parameter preconfigured by the network 
operator.
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Parameter Network A Network B Network C Network D
Log length [s] 940 640 640 710
Number of intrafrequency cell reselections in log 11 7 14 14
Sintrasearch [dB] -6 -4 -7 -2
Table 3-1: Detailed log data (length, number of idle mode cell reselections, and Sintrasearch value)
for analysed networks A, B, C and D
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Figure 3-3: UE measured Ec/No values in network A with Sintrasearch threshold
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Figure 3-4: UE measured Ec/No values in network B with Sintrasearch threshold
-10
CO
T 3
Oz
o
111 -15
-20
 Ec/No
Sintrasearch
-25
1000 2500500 1500 2000
Time [x 0.24s]
Figure 3-5: UE measured Ec/No values in network C with Sintrasearch threshold
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Figure 3-6: UE measured Ec/No values in network D with Sintrasearch threshold
The following assumptions were used in the evaluation of the proposed measurement threshold 
optimisation method;
• Based on Ec/No values in the logs, Sintrasearch delta value was calculated during every 
cell reselection.
• Gathered Sintrasearch delta values were averaged on a per log basis to find the Optimised 
Sintrasearch threshold value based on a formula (3-1):
Optimised Sintrasearch =  Current Sintrasearch +  Sintrasearch delta averaged.  (3 -1 )
• Based on the calculated Optimised Sintrasearch value, potential UE energy saving in the 
log was estimated assuming 10% and 20% higher battery consumption, when measured 
Ec/No was below the optimised measurement threshold (due to the additional UE 
processing effort required for searching and measuring neighbour intrafrequency cells).
Table 3-2 shows as an example Ec/No values with related Sintrasearch delta values measured 
during cell reselections in network D.
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Ec/No during reselection [dB] Sintrasearch delta [dB]
-10.0 -8.0
-9.0 -7.0
-11.0 -9.0
-7.2 -5.2
-10.4 -8.4
-11.6 -9.6
-14.0 -12.0
-14.0 -12.0
-15.5 -13.5
-12.0 -10.0
-7.5 -5.5
-12.0 -10.0
-11.5 -9.5
-11.3 -9.3
Table 3-2: Measured Ec/No values with related Sintrasearch delta values during cell reselections In
network D
3.4.2 Results and discussion
Based on the logs from real networks and figures presented in the previous section, it can 
be seen that in most cases the UE spent a significant amount of time below the Sintrasearch 
threshold. In addition, as a result of the high value of this threshold set in networks B and D, 
measured Ec/No value stays below the configured Sintrasearch threshold almost constantly. As a 
result, idle mode energy efficiency improvement in the terminal may be achieved by the 
Sintrasearch threshold optimisation.
Table 3-3 below shows estimated UE energy saving figures for all analysed networks based on the 
Optimised Sintrasearch threshold value. It can be observed from the table that estimated UE 
energy saving values are between 2 - 8% (assuming 10% increase in the energy consumption 
below Sintrasearch) or 4 - 16% (assuming 20% increase in energy consumption below
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Sintrasearch). Those numbers are directly related and proportional to the terminal standby time in 
the idle mode. In practical terminal implementations, wireless industry estimates that the energy 
consumption increase due to continuous intra-frequency neighbour cell measurements (when 
measured Ec/No value falls below Sintrasearch) can be more than 20% [64].
Proposed dynamic measurement threshold optimisation method in SON is beneficial from the 
system performance point of view; however it introduces additional complexity and cost in the 
system. This is mainly related to three different aspects:
a) The requirement to measure and store new parameter {Sintrasearch delta) in the UE -  it 
may require additional memory or storage capacity and the corresponding control logic to 
manage collected measurements.
b) The requirement to report it to the network -  it requires a predefined protocol to exchange 
the measurement information between the UE and the network and may increase the 
usage of radio resources. This also includes new storage and control mechanism on the 
network side to manage the received data. Furthermore, the delay between taking the 
measurement in the UE (in the idle mode) and reporting it to the network (when in the 
connected mode) may be undesired as it may reduce the efficiency of the proposed 
mechanism.
c) The requirement to derive the updated value of the threshold {Optmised Sintrasearch) 
based on the statistical analysis of the collected information from many terminals -  it 
refers to the self-organising network entity which is able to gather and process the 
available measurements to generate new optimised threshold value. The frequency of the 
updates may be linked to the efficiency of the optimisation scheme.
Despite the potential disadvantages resulting from this new scheme, it is worth noting that it is 
based on a similar approach already used by UE based measurement logging used in 
Minimization of Drive Tests (MDT) [78], [79] and adopted by 3 GPP.
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Parameter Network Network Network
T C; '1
Network
Log length [s] 940 640 640 710
Number o f intrafrequency cell reselections in log 11 7 14 14
Sintrasearch [dB ] -6 -4 -7 -2
Optimised Sintrasearch [dB] -8.3 -10.17 -9.28 -11.21
Estimated UE energy saving based on Optimised 
Sintrasearch (assuming 10% higher energy consumption 
below Sintrasearch)
2.88% 8.11% 1.83% 8.22%
Estimated UE energy saving based on Optimised 
Sintrasearch (assuming 20% higher energy consumption 
below Sintrasearch)
6.07% 16.36% 3.94% 16.43%
Table 3-3: Calculated Optimised Sintrasearch values derived from Sintrasearch delta averaged vrith 
estimated UE energy saving figures for networks A, B, C and D
The following observations are drawn from the analysis performed in previous sections:
• The current UTRAN Sintrasearch scheme seems to be typically based on the static setting 
provided by the network which may be inefficient in terms of UE energy consumption.
• The Sintrasearch setting is a trade-off between UE energy efficiency and the camping cell 
quality which could be potentially optimised with minimal compromise of idle mobility 
performance (this aspect is studied further in Chapter 5).
• Studied commercial networks were observed to use the same consXwilL Sintrasearch 
threshold value across many cells in their network, as a result there seems to be a 
potential for a better Sintrasearch threshold optimisation on a per cell basis.
• The problem of the suboptimal static Sintrasearch threshold exists both for UTRAN and 
E-UTRAN (LTE) technologies.
• The existing mechanism is proposed to be improved by a novel automated dynamic 
Sintrasearch threshold adaptation mechanism, supported by new SON algorithms.
• Estimated idle mode energy savings are different between analysed networks, but based 
on the logs provided and assuming 20% higher UE battery consumption below 
Sintrasearch threshold, possible averaged savings could be between 4 - 16%. Assuming 
10 days average mobile terminal idle standby time, possible increase in the standby time 
would be between 0.5 -  1.5 days.
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Battery saving results might be higher if Sintrasearch threshold is separately adjusted on 
a per cell basis, instead of a fixed value for the area evaluated in the log.
Similar solutions could be applied to interfrequency {Sintersearch UTRA parameter) and 
interRAT {SinterRAT UTRA parameter) neighbour cell measurement thresholds to 
support further battery savings.
3.5 Summary and Conclusion
In this chapter, terminal mobility based on the cell reselection procedure was introduced 
along with the supporting neighbour cell measurements mechanism. Besides, the measurement 
threshold function and its impact on the cell reselection performance and the mobile terminal 
energy efficiency were evaluated. This evaluation identified some major drawbacks and 
limitations of the cell measurements mechanism used in modem cellular networks and uncovered 
a significant potential for energy efficiency improvements in the terminal. As a result, a proposal 
was given for the new automated dynamic measurement threshold adjustment mechanism with its 
performance evaluation. The study was carried out based on the field data gathered in the mobile 
terminal from four different commercial networks, during the drive testing campaign. The fact of 
using measurements from real system implementation validates identified problems and ensures 
the applicability of potential solutions. This study has given a main direction for further research, 
which is explored later in Chapter 5 in more detailed analysis. As a result, further refined 
measurement threshold configuration mechanism is developed.
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Chapter 4
4 Mass Mobility Signalling Congestion 
Avoidance Mechanism
After introducing details of the cell reselection based mobility in the previous chapter, this 
chapter presents a novel mechanism which avoids wireless cellular radio access network 
congestion caused by the signalling traffic simultaneously generated by many mobile phones. It is 
applied to the mobility signalling of the Radio Resource Control (RRC) protocol - cell update 
procedure which may be triggered after the cell reselection is completed in the UE. By using a 
randomized delay of the cell reselection process in different terminals, the mechanism improves 
the overall system performance in hotspot cell scenarios. A potential benefit of the proposed 
method is estimated based on a congestion model with some examples.
4.1 Introduction
The quick growth in number of subscribers has caused new technical problems which were 
not discovered during introductory phases of mobile radio cellular systems. Some of those issues 
could be only seen in areas, where many user terminals are densely located within a small 
geographical area in the same time (e.g. in a hotspot cell). If there is a large number of UEs 
simultaneously moving into the hotspot area (e.g. many users in the tube or train arriving quickly 
to a platform) at the same time, there is a high risk of the increased network load caused by the 
signalling traffic generated by location update procedures [65], [66], [67] from different mobile 
terminals in a short period of time. From a network perspective, this is undesirable as it could 
decrease air interface resources efficiency and increase the risk of signalling resources congestion, 
negatively impacting the user experience and the quality of service in the cell. This chapter 
proposes a new solution to this problem.
Next section presents the overview of the cell congestion caused by mass mobility cell reselection 
event. In the following section, a solution is proposed based on the proactive congestion 
avoidance mechanism. Finally, performance evaluation of the new scheme is discussed with the 
conclusion given in the final section.
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4.2 Mass mobility problem in the cell reselection algorithm
The main disadvantage of the currently used UE controlled idle mode cell reselection 
algorithms [61], [68] is that they are defined in the micro scale (behaviour of only one terminal), 
and not in the macro scale (behaviour of all terminals in the cell). As the reselection process is 
not coordinated between different UEs, when there are many terminals involved in the reselection 
process at the same time in one cell, because of the excessive signalling traffic generated, there 
could be a significant reduction in the quality of service provided by a mobile cellular network. 
In extreme cases, because of excessive signalling traffic, the cell could be congested and blocked 
completely unable to carry any user traffic.
This problem is not addressed in the current mobile cellular systems but it is becoming 
increasingly important as more hotspot scenarios are deployed (e.g. tube or train stations during 
rush hours). In these cases, typically cells are small and there are large simultaneous movements 
of mobile terminals in to and out of the cell (e.g. passengers of tube or train with the UE switched 
on and camped on a mobile network).
To handle increasing numbers of users at the same time, the mobile network operators are 
providing additional network capacity by adding cells in the same location (collocated cells) to 
handle the increased user traffic. To achieve higher quality of service for the network users in the 
hotspot area, those additional neighbour cells could be part of another radio access technology 
(RAT) (e.g. LTE) or provide some higher data dates (e.g. HSPA in 3G). As a result they are often 
preferred for cell reselection.
The main objective of the cell reselection mechanism is to select the best quality cell based on 
predefined criteria (can be ranking based as used in UMTS or priority based as used in LTE 
system). If those additional ‘better quality of service’ cells are available in the hotspot area, they 
are often preferred in the idle mode cell reselection algorithm used in a mobile terminal. A 
network typically increases the chance of reselection to preferred cells, by adding additional offset 
to the ranking of the neighbour cell in ranking based reselection algorithm (e.g. UMTS) or giving 
higher priority in the priority based reselection algorithm (e.g. LTE). These predefined reselection 
criteria are usually provided by a network in broadcasted system information blocks (SIB) [20]. If 
based on them, a decision to reselect to the preferred cell is made; it may also trigger some bi­
directional data communication with a network. This is required for signalling purposes to inform 
the network about the location changes of the UE (cell update, location area update procedure, 
registration area update, etc.). If the reselected cell is a part of another RAT technology, the cell 
update signalling procedure will happen in the new selected RAT network, see Figure 4-1 -  
Multiple simultaneous cell reselections and cell update procedures in a hotspot scenario. This
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figure depicts a scenario when many mobile users in a train arrive quickly to a train station. They 
are initially camped on cell A. As a result of the sudden availability of the better hotspot cell, all 
mobiles reselect to the target cell B and then perform the cell update procedure almost at the same 
time. During busy day periods (rush hours) when lots of UEs are involved in this process, it could 
significantly increase the amount of signalling traffic in the network and cause network 
congestion. To perform this signalling data transmission, there is typically a requirement to use 
some network resources for a short period of time (usually few seconds in UMTS).
/M ultip le  s im u ltan eo u s 
cell re se lec tlo n s  and  
cell u p d a te  p ro ced u re s  
from  cell A ___
h h h - - - > T r
-Train line e a s tb o u n d -
Train sta tion
 T rain iine w es tb o u n d ---------
T a rg e t cell B ( 'h o tsp o t cell’ with 
h igher cell rese lec tio n  
ranking / priority)
S o u rc e  ceil A (m acro  cell with low er 
cell re selec tion  ranking / priority)
Figure 4-1: Multiple simultaneous cell reselections and cell update procedures in a hotspot scenario
4.3 Random time distribution of the cell reselections
4.3.1 Overview
The proposed new mechanism improves the situation by distributing the idle mode cell 
reselection process between different mobiles in time. The idea is to delay the cell reselection 
procedure to a collocated neighbour cell (which could be preferred in the UE because of the 
higher quality of service provided), by a randomly selected period of time in the UE (e.g. 0 - 3 0  
seconds) to prevent the simultaneous mass reselection of UEs that can happen when a train enters 
the station. As a result, the reselection process is distributed in time between different users. This 
reduces the peak cell signalling load and increases the overall quality of service in the network. 
The current algorithms do not provide this ability and as a result, all UEs may follow the same 
reselection procedure and could reselect almost at the same time, negatively impacting the system 
performance.
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The proposed mechanism improves the congested hotspot cell situation by the usage of the 
proactive network signalling congestion avoidance mechanism in the hotspot cell. A mathematical 
model to control the network congestion caused by the peak signalling traffic generated by 
simultaneous mobility management procedures (e.g. cell update or similar) in different mobiles is 
described below. It provides a useful methodology to control the mass mobility optimised cell 
reselection algorithm. It is achieved by finding the maximum delay of the cell reselection 
algorithm which could be used by the UEs for equal distribution of the mass cell reselection 
process in time.
4.3.2 Algorithm configuration
For the reasons of simplicity, the example below is based on only two collocated cells 
available in the hotspot location. However, it should be noted that a number of those neighbour 
cells is not limited by this mechanism.
Algorithm assumptions (see Figure 4-1)
1) Cell A, and B are two available collocated cells and considered for reselection in a 
hotspot cell area.
2) Cell B was added on the top of cell A as a neighbour cell (neighbour relation defined in 
the network) to increase the network capacity and provide higher quality of service in the 
hotspot area (higher data rates, better services provided etc.).
3) As cell B provides higher quality of service for its users (e.g. higher data transmission 
speed) in the hotspot area, it is defined as a preferred reselection cell in the network 
reselection algorithm (e.g. higher priority in LTE, higher ranking in UMTS).
4) All the additional cell reselection algorithm parameters can be defined by a network and 
provided to the UE (e.g. in system information blocks as a part of neighbour list in SIBl 1 
for UMTS).
Algorithm parameters
To distribute the reselection process in time, there is an additional algorithm required on the top of 
the used cell reselection mechanism. The algorithm is configured in the UE by two additional 
network parameters (which can be provided to UE as a part of system information data from a 
network):
• DISTRIBUTE_RESELECTION_FLAG [TRUE /  FALSE] -  to enable / disable the 
algorithm in the current cell,
• MAX_RESELECTION_DELAY [seconds] -  to define the maximum possible delay of the 
reselection to the preferred collocated neighbour cell.
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Algorithm details (see Figure 4-2)
1. After cell reselection to the current cell (cell A), read and store in the UE the algorithm 
parameters {DISTRIBUTE_RESELECT10N_FLAG, MAX_RESELECTION_DELAY).
2. Initiate normal cell reselection mechanism in the UE and wait until the cell reselection 
decision to the preferred cell B is made.
3. If the normal cell reselection mechanism used in the UE selects the neighbour cell B as 
the preferred cell to camp on, check if the random distribution of cell reselections in time 
is enabled in the current cell (check if DISTRIBUTE_RESELECTION_FLAG = TRUEI).
4. If the flag is set TRUE in the current cell, select a random number between {0 - 
MAXJŒSELECTION_DELAY).
5. To distribute cell reselections in time between different mobiles, wait the selected random 
number of seconds.
6. Reset the value of the flag in UE: DISTRIBUTE_RESELECTION_FLAG = FALSE
7. Reselect to cell B.
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DISTRIBUTE RESELECTION FLAG = TRUE
RESELECTION_FLAG 
= FALSE
Check the value of 
DISTRIBUTE_RESELECTION_FLAG 
^  ??? ^
START
STOP
Reselect to the preferred cell proposed by 
used reselection algorithm (cell B)
Walt (RANDOM_NUMBER) of seconds (to 
distribute possible cell reselectlon process of 
different UEs In time)
Start the normal Idle mode cell reselectlon 
algorithm used In UE and wait until cell reselectlon 
decision to cell B Is made
Reset the value of the flag In UE: 
DISTRIBUTE_RESELECTION_FLAG = 
FALSE
After Idle mode cell reselectlon to the current cell 
(cell A), read and store In UE the algorithm data: 
DISTRIBUTE_RESELECTION_FLAG 
MAX RESELECTION DELAY
Select RANDOM_NUMBER between 
0 - MAX_RESELECTION_DELAY: 
RANDOM_NUMBER = < 0 ; MAX_RESELECTION_DELAY >
Figure 4-2: Random distribution of cell reselections in time - algorithm flowchart
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4.4 Performance evaluation
4.4.1 Congestion model details and assumptions
The proposed mechanism will be evaluated using a congestion model formulation with 
some input and output parameters. The model is based on the general scenario shown on Figure
4-1. Based on the model, the congestion avoidance algorithm benefits will be presented with an 
example.
To avoid the network congestion (here defined as lack of available signalling channel resource to 
perform location update procedure by a UE) after multiple simultaneous reselections to a 
collocated neighbour hotspot cell (which is seen as preferred in different UEs, because of higher 
quality of service provided), the optimal value of the maximum cell reselection delay parameter 
{MAX RESELECTION DELAY) needs to be found. Then, the maximum delay parameter could 
be provided by the network to all UEs in the cell (e.g. as a part of the neighbour cell list in system 
information data or similar). Based on this maximum delay parameter, every mobile is able to 
randomly select an individual period of time, after which a single reselection is triggered (between 
0 -  maximum delay [seconds]). As a result, the reselection process is distributed equally in time 
between different terminals (during 0 -  maximum delay time period). This reduces the average 
cell signalling load and increases the overall quality of service in the network. It also ensures that 
at any time, the hotspot cell is not blocked for any user traffic. It should be noted, that while 
delaying the reselection to the hotspot cell allows the load balancing between the source and the 
target cell, it does not impact the user experience in terms of creating a situation when the user is 
out of service (i.e. no data transmission possible). This is because the UE even before the delayed 
reselection is still camped on the overlying source macro cell with the full service access if 
needed.
The presented model is used to describe and control target cell B (hotspot cell) congestion caused 
by the increased signalling traffic generated by mobility management procedures (e.g. cell update) 
simultaneously triggered in many mobiles. It is also assumed, that in all mobiles in the source cell 
A, there is a mechanism available to randomly delay the cell B reselection process based on the 
MAX_RESELECTION_DELAY parameter.
For details of the input and output parameters used in the model, see Figure 4-3 -  Cell load during 
signalling congestion and optimal cell load during many simultaneous location updates. The 
figure also presents all the parameters of the model used to evaluate the 
MAX_RESELECTION_DEIAY parameter.
Input parameters
The following input parameters are used in the model:
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• Channel_usage_t [s] - signalling resource usage time period -  length of the cell location 
update procedure (usually a few seconds in a real UMTS network). Could be based on the 
average value measured in the cell.
• CongestionJhreshold -  a maximum number of dedicated channels simultaneously used 
for cell update signalling purposes in the cell. To avoid cell congestion, 
Congestion Jhreshold value should not be exceeded. It is assumed, that every mobile 
when performing the location update procedure allocates one dedicated channel for 
ChanneljisageJ seconds. Congestionjhreshold is defined by the mobile network 
operator. It is assumed that Congestionjhreshold is less than the total number of 
dedicated channels available in the cell.
• Number j f jn o b ile s  -  number of terminals moving simultaneously into the hotspot cell 
coverage area and triggering the location update procedure. (In practice, this value could 
vary during the day and could be estimated from the passenger capacity data during 
different period of the day based on the input from the train operator.)
Output parameters
The following output parameters are used in the model:
• MAX IŒSELECTION_DELAY [s] -  a maximum delay parameter which is given to UEs 
in the source cell to distribute the reselection to target hotspot cell in time. A method to 
find the value of this parameter is described below.
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Figure 4-3: Cell load during signalling congestion and the optimal cell load during many
simultaneous location updates
4.4.2 Method to find the optimal value of MAX RESELECTION DELAY
To avoid target hotspot cell B congestion, multiple cell updates signalling procedures 
need to be distributed in time. To achieve it, a value of the parameter 
MAX_RESELECTION_DELAYneeds to be found, such that the total cell resource usage (after the 
mass cell reselection) of dedicated channels in cell B is always below Congestionjhreshold -  for 
details see Figure 4-3.
Cell congestion can be avoided, only when the following condition Congestionjhreshold x  
MAX_RESELECTION_DELAY >  (Number_of_mobiles x  Channel_usage_t).
(4-1) ) is fulfilled:
(^C ongestion jhreshold  x  MAX_RESELECTION_DELAY') > (N u m b er_ o f jn o b i le s  y.
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C h a n n e ljisa g e J ) .  (4-1)
As a result, the value of the MAXRESELECTIONDELAY parameter is given by:
MAX RESELECTION_DELAY >  xchannel.usage.t ^
Congestionjhreshold
When the value of the MAX_RESELECTION_DELAY parameter is evaluated in the target cell B 
based on the method described above, it must be passed to the source cell A to avoid cell B 
congestion after the mass reselection process. Then the source cell A can broadcast the 
MAX RESELECTION DELAY parameter to all the mobiles in that cell in system information data 
together with the neighbour cell information (e.g. as a part of the neighbour list information). 
Based on this information, every mobile in the cell A knows, that only a reselection to cell B 
should be randomly delayed in time (this is required only if there are any other cells apart from 
the cell B in the neighbour list).
4.4.3 Target cell congestion avoidance mechanism
1. Based on input parameters: ChanneljusageJ, Congestionjhreshold, a 
target cell B evaluates the parameter MAXJŒSELECTION DELAY as described above - see 
(4-1) and passes it to the source cell A.
2. The source cell A broadcasts MAX RESELECTLON_DELAY parameter to all the mobiles in 
that cell in the system information data, together with the neighbour cell information B.
3. To delay the reselectlon procedure, when a reselection decision to the target cell B is made, 
every terminal selects a random number between {0 - MAX_RESELECTLON DELAY) 
seconds.
4. Because the cell reselection process from the cell A to the cell B is spread in time between {0 
- MAXJŒSELECTLONjDELAY) seconds, it is ensured that the average cell load caused by 
simultaneous location update procedures between different mobiles is less than the 
Congestionjhreshold as defined by the network operator.
4.4.4 Results
To quantify performance benefits of the proposed scheme and to better demonstrate its 
advantages, there are two examples described below. First example estimates the cell outage time 
due to the congestion, while the second one provides the algorithm configuration parameters to 
avoid the risk of congestion.
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Example 1 - Congestion avoidance mechanism disabled in the network
Considering the following input parameter values in the cell with 20 dedicated channels available:
Number_ of_ channels — 20 
Congestion_threshoId =10 channels 
Channel usage_ t  =3[s]
Number_of_moblles = 100
Without the proposed congestion avoidance mechanism, the worst case scenario when all 100 
mobiles perform the location update procedure almost in the same time, gives the following 
approximate time when the congested cell is out of service (OoS):
^ ChanneLusageJ = ( ^ )  x 3[s] = 15 seconds. (4-2)
Example 2 - Congestion avoidance mechanism enabled in the network
To limit the number of simultaneously used dedicated signalling channels below the 
Congestionjhreshold, the ioWoWmgMAX RESELECTION DELAYvalue should be used:
MAX_RESELECTION_DELAY = .m obiles xchannel.usage.t ^ i 0 0 x ^  = 30 seconds. (4-4)
Congestwn.threshold 10
4.5 Conclusion
In this chapter, the signalling congestion problem which may be observed mainly in hotspot 
areas, where many users simultaneously reselect to the same cell was described. Based on the 
formulation of a simplified model of the problem, the novel UE algorithm which could improve 
the system performance and increase the quality of service perceived by mobile users was 
proposed. The following practical advantages and disadvantages of the algorithm were identified.
Advantages:
The algorithm works in a distributed way in a cell and as a result, the network does not need 
to handle every single UE separately.
The mobile network operator is able to actively control the cell congestion caused by the 
increased signalling traffic generated by large number of UEs simultaneously reselecting to
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the neighbour cell / RAT.
By introducing a random delay of the reselection process between different UEs, the 
reselection procedures are spread over time -  this increases the efficiency of network 
resources usage.
Disadvantages:
Additional configuration is required on the network side (system information data) to provide 
required algorithm parameters.
In particular, the performance of the proposed scheme is strongly related to the estimation 
accuracy of the Number_ofjnobiles parameter in comparison to the actual number of 
mobiles moving simultaneously into the hotspot cell coverage area and triggering the location 
update procedure. If it is too high, the average reselection delay in the proposed mechanism 
will be unnecessarily increased. It it is too low, the congestion avoidance efficiency will be 
reduced. By being able to identify a pattern of moving group of UEs with the same mobility 
characteristics in advance (e.g. by tracking their cell mobility history e.g. by using serving cell 
measurements or other method), before the considered here mass mobility event happens, the 
network could predict with a reasonable accuracy the proper Number_ofjnobiles parameter. 
In practice, no matter which metod is used to find this parameter, it would require additional 
network intelligence and complexity, increasing the cost of the proposed mechanism.
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Chapter 5
5 Novel Measurement Threshold 
Configuration Scheme Based on the Traffic 
Load
This chapter proposes a performance analysis of the measurements mechanism applicable 
to the terminal controlled cell reselectlon algorithm used in a mobile cellular communication 
system and introduced in Chapter 3. Detailed analysis demonstrates the impact of the neighbour 
cells measurement threshold setting during the reselection on the serving cell pilot channel quality 
and a measurement effort in the UE, in terms of the time spent measuring neighbour cells. We 
demonstrate that there is a trade-off between the cell reselection performance, in terms of the 
signal quality during the mobility and the energy efficiency in the mobile terminal with different 
system configurations. Furthermore, a novel approach and an enhanced load based measurement 
threshold configuration scheme are proposed, in order to improve this trade-off and also the 
overall system performance and the user experience. Performance analysis results are given in 
different scenarios to demonstrate the efficacy of the proposed scheme.
5.1 Introduction
The design of cellular mobile communication systems has traditionally been driven by the 
main requirement of achieving better coverage and user experience, without compromising the 
system capacity. One of the main problems with improved quality of service provided by new 
multimedia services is significantly increased energy consumption in the User Equipment (UE). 
As a result, in parallel to increasing data transfers, more consideration should be given to new 
system mechanisms and schemes optimizing the UE battery efficiency. Also, the fact of the 
network centric approach in the design of the recent cellular technologies resulted in mechanisms 
that could be further improved and optimized for better UE battery life. In many cases, 
mechanisms available in wireless communication systems are a trade-off between system 
performance and the battery life of the user terminal.
Different aspects related to the terminal RF and baseband design with UE power consumption
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models are described in [41], which analyses challenges in both the transmitter and the receiver 
and also studies aspects related to multi-mode and multi-band terminal operation. This paper 
shows that 58% of the total power consumption in the terminal is related to the RF subsystem. 
Overview of the energy consumption in different parts of the modem mobile terminal platform is 
provided in [33], which identifies that most of the energy consumption in a mobile terminal 
comes from the wireless communications, rather than a display or a CPU, as could be observed in 
laptop devices. As a result, it could be argued that further system improvements related to the 
energy efficiency in a cellular modem part of the device could significantly contribute to the 
increased battery time, avoiding negative impact on the user experience.
Cell reselection parameters optimization (which could be another way of addressing terminal 
battery performance problem) based on the measurements from commercial network deployments 
are described in [58] (intra-frequency reselection) and [54] (inter-system reselection). The impact 
of the parameters carefully studied in the former includes aspects which are also explored in the 
following sections of this work and include terminal velocity which impacts how quickly radio 
signal conditions are changing, discontinuous reception cycle which may impact how often the 
radio signal measurements are performed, Treselection which controls how long the reselection 
decision is delayed after there is a better reselection candidate cell available etc. Results presented 
in the former, provide useful insight in different parameters trade-offs including the measurement 
threshold, however they consider only low and medium user mobility scenarios and do not 
provide analysis on the real impact of the traffic load in the system, as the study is based on the 
field measurements from a commercial networks without a full control and visibility of a system 
traffic load. Other study related to the tuning of the reselection algorithm and quantified trade­
offs, between terminal standby time and the serving cell quality is presented in [59]. This paper 
proposes a simple battery life model which could be used to analyse the impact of measurements 
and cell reselection parameters. The strength of this work is the fact, that radio channel 
measurements based on urban commercial deployment were used for tuning the system simulator; 
however, the analysed data included only mixed stationary and low mobility conditions. Some 
deployment and cell reselection parameters setting guidelines for different scenarios are provided 
in [60]. Detailed impact of the system information data acquisition on the battery life in the 
mobile terminal was explored in [30].
This chapter describes the analysis of the user traffic load and its impact on the neighbour cell 
measurements the cell reselectlon performance and the energy efficiency of the terminal, in a fully 
controlled system simulation environment. The load aspect is important, as the traffic pattern 
characteristics may vary significantly in the radio access network and current approaches 
implemented in modem cellular 3G and 4G technologies are based on a static configuration 
approach and do not take this type of variability into account. Moreover, as it was identified in 
[62], many commercial HSPA networks seem to be designed for the worst case load scenario,
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without considering impact on the related energy efficiency in the terminal. As a result, it is 
desirable to study and develop improved, automated cell measurements control techniques, 
allowing better trade-off optimization between the reselection performance and the terminal 
energy efficiency on a more dynamic basis corresponding to the variable amount of the current 
traffic load. Another neglected aspect in the literature is a high user mobility contribution to the 
decrease in measured serving cell pilot channel quality (in terms of the received energy per chip 
divided by the power density in the band) resulting in the lower idle mode mobility performance. 
From the mobile terminal point of view, decreased signal quality of the current serving cell, could 
result in poor performance of other system procedures e.g. paging used during mobile terminated 
calls, broadcast system signalling acquisition normally required after the cell reselection or 
dropped connections resulting in worse quality of service for the end user.
This chapter focuses on one of the mechanisms related to the autonomously controlled terminal 
mobility in the cellular system. It explains the role of the measurement threshold in the cell 
reselectlon algorithm and studies its impact on the different performance criteria, demonstrating 
trade-offs and potential shortcomings. Detailed analysis and simulations are performed based on 
the 3 GPP UMTS / WCDMA FDD technology used as an example, considering different possible 
scenarios and typical system configurations.
Finally, a novel measurement threshold configuration scheme, taking into account the current 
traffic load in the system and resulting in the optimized trade-off between the cell reselection 
based mobility performance and the better energy efficiency in the terminal is proposed.
5.2 Performance criteria in the cell reselection
The neighbour cells measurements threshold mechanism was described in details in section 
3.2. To support an analysis of the threshold impact on the cell reselection performance and the 
terminal energy efficiency, there are two criteria used in this chapter:
a) The quality of the serving cell -  measured when the cell reselectlon decision is made 
- when a neighbour cell is better ranked than the serving cell as described in [61]. It is based 
on the sliding window average using two measurement samples spaced by one DRX cycle as 
required in [69]. For simplicity, both Qhyst and Qffset parameters defined in [61] are both 
considered being equal to zero and are not taken into account in further analysis. From the 
system point of view, the quality of the serving cell should be maximised during the cell 
reselection to make sure the reliability of the paging procedures remains high. In practice, this 
criterion corresponds to the lowest level of the serving cell quality, as typically after the 
reselectlon event, serving quality of the new cell increases.
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b) Percentage of time spent measuring neighbour cells -  corresponds to the amount of 
time (median value) required to perform non-serving cell measurements on the same 
frequency (intra-frequency neighbour cells) for the mobility reason. It is proportional to the 
additional energy consumption required in the terminal when Squal <= Sintrasearch, and 
should be minimized during the cell reselection. If it is not, the energy efficiency of the 
terminal could be negatively impacted.
5.3 Novel measurement threshold configuration scheme based on the 
traffic load
In order to increase the overall system performance in terms of the better trade-off between 
the serving cell quality and the measurement effort during the cell reselectlon (resulting in an 
improved terminal energy efficiency without compromising its mobility and system performance), 
it is proposed to introduce a more dynamic and adaptive Sintrasearch scheme ideally working 
independently in every cell (e.g. on a self-organising basis), which could attempt to optimally 
configure this threshold. The main criteria which should be taken into account when setting it is 
the total current user traffic (system load) in the network and its dynamic nature.
Practical implementation details could include aspects related to the value of the threshold 
adjustment and its frequency and would need to be correlated with a characteristic of the traffic 
load variability in the system. In the basic option, the current traffic load measurement required 
for this approach could be derived fi*om the averaged transmit power of the cell(s), which is 
proportional to the user data capacity currently used in the system. Due to interferences from 
neighbour cells using the same frequency, it would be beneficial to take into account the traffic 
load in those cells. From the system architecture point of view, it should be easy to implement in 
UMTS Radio Network Controller which typically controls radio resources in many cells. In the 
flattened LTE system architecture, a load and the interference management information is already 
exchanged between neighbouring cells for load balancing and interference coordination purpose. 
Basic example of the algorithm implementing this scheme in the radio access network is defined 
below and presented in Figure 5-1 :
1. Every time period T, find the averaged transmit power in X neighbour cells (e.g. X= Nbs) 
interfering with the current cell (T should correspond to average traffic variability 
characteristics, however too short value should be avoided due to the energy cost 
involved in updating the system information in the UE. Also too long value could result 
in a suboptimal Sintrasearch threshold setting in the cell. In practice values in the 1-15 
minutes range may be suitable).
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2. Map the averaged transmit power to the Sintrasearch value in the current cell.
3. Update the broadcasted system information in the current cell with the new threshold 
value.
Update broadcasted 
system information 
in the current cell ■ 
with new Sintrasearch 
threshold value
■Sintrasearch-
Node BUser Equipment Radio Network Controller
Find averaged transmit 
power in X neighbour cells 
interfering with current cell
Map averaged transmit 
power to Sintrasearch 
measurement threshold 
value in current cell
Figure 5-1: Sintrasearch measurement threshold configuration scheme implementation in UMTS
system architecture
More complex evolution of this approach could involve measurements of the downlink 
interferences in the terminals camped on particular cell and reporting it to the network. Based on 
the combined information (e.g. based on the statistical analysis) from these interference reports, 
the radio access network would be able to adapt the threshold appropriately with better granularity 
and accuracy than in the basic algorithm.
5.4 Performance analysis
5.4.1 Simulation environment
We consider a cellular system model S = ( N b s ,  M), where N b s  is the number of base 
stations (Node B) and M is the number of distributed users. The system consists of idealized 
hexagonal cells with predefined inter site distance with a base station at the centre of each cell. In 
this model, the central hexagonal cell is surrounded by two rings of cells. Cells are divided into 
three sectors of 120 degrees.
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We perform system-level simulations for M = 1 user (one UE) using typical cell reselection 
configuration settings in HSPA system used as an example [25]. Each cell sector is served by an 
antenna with the 14dB gain (at zero degree horizontal angle) and the pattern described in Table
5-1. There are Nbs =19 cells and 3 x Nbs = 57 sectors in total as in [70] with 1000m inter site 
distance (ISD) as shown in Figure 5-2.
Figure 5-2: Hexagonal grid of simulated cells (the arrows in the figure show the directions that the
antennas are pointing)
Base station antenna pattern and other simulation assumptions, are typical models used in macro 
cell deployment simulations used by 3GPP in developing UMTS standard [25]. We consider 
70dB minimum path loss (minimum coupling loss) and the log-normal shadowing with OdB mean 
and a standard deviation of 8dB [71], [72]. Channel path loss is based on the model for vehicular 
test environment described in details in [23]. The shadowing is assumed to be spatially correlated 
with 1.0 correlation between sectors, 0.5 correlation between sites (Node Bs) and 50m de- 
correlation distance. Shadowing factor was generated using the approach described in [73].
In a real HSPA system, power and channelization codes resources are shared between dedicated 
transport channels (e.g. voice) and HSPA transport channels (data). When data services are active, 
downlink power from the base station is kept constant and shared between voice channels and 
data channels. Power not used for voice can be used for data. If there is no data traffic, then the 
sector transmit power will fluctuate, depending on the voice usage. In an empty system, apart
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from the pilot channel (P-CPICH), idle transmit power includes common downlink physical 
channels related to broadcast (P-CCPCH) and synchronization (SCH) information. A 
characteristic of their power ratio is based on [74].
Cell measurements are filtered using a 2-samples sliding averaging window [69], with 
measurements taken every DRX cycle. Simulation step also equals one DRX cycle. The UE 
mobility model is based on the constant velocity and direction. All terminal mobility directions 
are evaluated in 7 degrees steps and the UE proceeds radially in a straight line out of the centre up 
to the ISD = 1km distance. Serving cell quality during the reselection and time spent measuring 
neighbour cells statistics are gathered from the central cell only. The serving cell is the one with 
the highest received signal quality [61]. The UE noise figure is set at 9dB, and the thermal noise 
power is assumed to be -108 dBm.
Coverage maps for common pilot channel (CPICH) signal quality Ec/No [dB] and Received 
Signal Code Power (RSCP [dBm] - power measured by a receiver on a CPICH) in a fully loaded 
system are shown in Figure 5-3 and Figure 5-4 respectively. It could be observed that pilot signal 
quality Ec/No map is more irregular than RSCP power map mainly due to the shadow (slow) 
fading effect.
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Figure 5-3: Coverage map for signal quality Ec/No |dB| in a fully loaded system
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Figure 5-4: Coverage map for signal power RSCP [dBm] in a fully loaded system
To verify proper operation of the simulator and the interference characteristics, a Cumulative 
Distribution Function of geometry (SINR) is generated and shown in Figure 5-5. Geometry G is 
defined as:
(5-1)
where is the average received power from the J-th strongest base station (Cr/ indicates serving 
cell), N  is the thermal noise power over the received bandwidth, and Nbs is the total number of 
evaluated base stations including the serving cell.
It could be observed from the distribution in Figure 5-5, that the maximum value of geometry is 
limited to about +17 dB and the median value is about +2.5 dB. This matches reference curves 
presented in the literature [70], [74] and partially confirms the proper implementation of the 
simulator.
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Figure 5-5: Cumulative distribution function of geometry (SINR)
Table 5-1 presents the summary of the simulation parameters.
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Parameter Assumption
Cellular layout Hexagonal grid, 19 Node Bs, 3 sectors per 
Node B without wrap-around
Carrier frequency 2000 MHz
Inter site distance 
ISD
1000 m
Path loss model L=  128.1 + 37.6Zogio(Rian)
Minimum coupling loss 70 dB
BS antenna gain 14dBi
BS antenna pattern 3-sector deployment:
A{0)=-mm
0^ JS= 70 degrees 
Am -  20 dB
6  is the angle between the direction o f interest and the boresight o f the 
antenna,
03^5  is the 3dB beam width in degrees.
Am is the maxirnum attenuation (front-to-back ratio)
Maximum Sector Transmit Power 43 dBm - full system load,
40 dBm -  half loaded system, 
35.75 dBm -  empty system
Transmit energy per PN chip o f the 
CPICH to the total transmit power 
spectral density ratio
CPICH Ec/lor
-10 dB - full system load,
-7 dB -  half loaded system,
-2.75dB -  empty system
UE noise figure 9dB
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DRX cycle 640 ms, 1280 ms, 5120 ms
UE measurement filter 2 sample sliding averaging window, measurement samples every DRX
UE speed 3 km/h, 120 km/h
UE mobility model UE starts from centre o f coverage, user proceeds radially in straight line 
out o f the centre up to the ISD distance. All directions evaluated in 7 
degrees steps.
Simulation step size 1 DRX cycle
Minimum quality threshold 
Qqualmin
-18 dB
Intra-frequeney measurement 
threshold Sintrasearch
+4dB, +6dB, +8dB, +14dB, +18dB (equivalent to continuous 
measurement)
Cell reselection delay Treselection 0 seconds, 5 seconds
Shadow fading Lognormal, 8 dB standard deviation
De-correlation distance 50 m
Correlation between sectors 1.0
Correlation between sites 0.5
Statistics logged Serving cell quality during cell reselection (Ec/No [dB]), 
Time spent measuring neighbour cells [%]
Table 5-1: Simulation assumptions
5.4.2 Results and discussion
Threshold impact on the serving cell quality during the cell reselection with a variable UE 
speed -  to simulate different mobility use cases, different average terminal speeds were analysed. 
It included pedestrian (3km/h) and high mobility (120km/h) scenarios in a fully loaded system (all
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cells transmit with a maximum power). DRX cycle was set to 1280ms which is a typical value 
used in idle mode. Figure 5-6 presents CDF of the serving cell pilot signal quality during the cell 
reselection for both cases.
Sintrasearch= +4dB.
Sintrasearch= +8dB,
Sintrasearch* +18dB.
/ /
-f i
Ec/No [dB]
Figure 5-6: CDF of pilot Ec/No values during the cell reselection with ù ii i tr tn i  Sintrasearch setting, 
UE speed=3km/h and 120km/h, DRX=1280ms, System load=100%
It can be observed from Figure 5-6, that increasing the Sintrasearch results in an increased 
serving cell quality. However this trend is limited -  the threshold values higher than +8dB for low 
mobility scenario (+14dB and +18dB curves) provide limited improvement to the serving cell 
quality during the cell reselection process. Similar observation also applies to the high mobility 
scenario on the same figure.
It may be also observed that for the low mobility scenario, the +I8dB curve indicates slightly 
lower serving cell quality than +I4dB curve. We believe this is within 0.5dB estimated simulation 
uncertainty, mainly caused by the shadow fading and does not suggest any inconsistency in the 
presented trend.
It should be noted that the +18dB setting in all simulations is an equivalent of the continuous intra 
frequency neighbour cell measurements mandated in the UE, when Sintrasearch is not configured 
by the network, as the minimum quality threshold (Qqualmin) equals -18dB.
Furthermore, it can be observed from Figure 5-6, that the UE speed increase from 3km/h to 
120km/h results in a relatively small decrease in the serving cell quality (on average 1 dB or less). 
Similar effect was observed in [58]. The main insight from Figure 5-6 is that observed serving cell 
quality is proportional to the threshold value up to a certain level, above which increasing the
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threshold does not result in the increased quality.
Threshold impact on the serving cell quality during the reselectiou with a variable DRX 
cycle -  to simulate different frequency of neighbour cell measurements, different discontinuous 
reception cycles were analysed. It included short (640ms) and long (5120ms) DRX cycles in a 
low mobility scenario (3km/h) and a fully loaded system. Figure: 5-7 presents CDF of the serving 
cell pilot signal quality during the cell reselection for both cases.
Sintrasearch= *l
« «  Sintrasearch^ +4dB,
/ /
^  _  Sintrasearch= +18dB,
/  //*
Ec/No [dB]
Figure: 5-7 CDF of pilot Ec/No values during the cell reselection with different Sintrasearch setting, 
UE speed=3km/h, DRX=640ms and 5120ms, System load=100%
It can be observed from Figure: 5-7, that in general, increasing the Sintrasearch results in an 
increased serving cell quality with a short DRX cycle. However this trend is limited similarly to 
the trend observed in Figure 5-6 -  the threshold values higher than +8dB (+14dB and +18dB 
curves for short DRX cycle on Figure: 5-7) provide limited improvement to the serving cell 
quality. This observation also applies to the long DRX cycle scenario on Figure: 5-7.
Furthermore, it can be observed from Figure: 5-7, that the DRX cycle increase from 640ms to 
5120ms has a small impact on the serving cell quality (less than 1 dB decrease). Similar effect 
was identified in [58].
Threshold impact on the serving cell quality during the reselection with a variable system 
load -  to simulate variable system traffic load, different sector transmit powers were analysed. It 
included empty system (all cells transmit with the minimum idle transmit power) and a fully
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loaded system (cells transmit with the maximum power). All scenarios were analysed in a low 
mobility scenario (3km/h) and a typical DRX cycle (1280ms). Figure 5-8 presents CDF of the 
serving cell pilot signal quality during the cell reselection for both cases.
Sintrasearch»
Ec/No [dB]
Figure 5-8: CDF of pilot Ec/No values during the cell reselection with different 5'/«/rasertrc// setting, 
UE speed=3km/h, DRX=l280ms, System load=0% and 100%
It can be observed from Figure 5-8, that in an empty system only 14 and 18 dB Sintrasearch 
setting curves are observed -  the lower threshold values do not trigger measurements early 
enough, in practice resulting in a cell selection rather than reselection - UE going out of service on 
the serving cell and then selecting a neighbour cell. It may negatively impact the user experience. 
To make sure the serving cell quality is maximized during the reselection, +18dB Sintrasearch 
value would be recommended setting in this scenario.
It can be also observed from Figure 5-8, that in a fully loaded system, increasing the threshold 
above +8dB has almost no impact on the serving cell quality (trend already observed in Figure 5-6 
and Figure: 5-7). To make sure the serving cell quality is maximized during the reselection, +8dB 
Sintrasearch value would be recommended setting in this scenario.
Furthermore, it can be observed, that the system load increase from 0 to 100% significantly 
degrades the serving cell quality (up to 7dB lower Ec/No). This fact could decrease both paging 
performance and a radio connection establishment reliability potentially negatively impacting the 
user experience.
The main insight from Figure 5-8 is that observed serving cell quality is proportional to the 
threshold value up to a certain level, above which increasing the threshold does not increase the 
quality. This level seems to be inversely proportional to the current traffic load in the system.
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This analysis shows that proper setting of the threshold should be adapted based on the actual 
traffic load in the system. In practice, due to the variable nature of the traffic pattern, this would 
require dynamic mechanism in every cell which could attempt to optimally configure the 
threshold.
Comparison of the theoretical Ec/No value with a simulated one is described below. Ec/No is a 
received energy per chip divided by the power density in the band and is defined as:
No ~ Nbs2;=1 ^ o r ^ N
(5-2)
w here
Ec-
iV„-
N -
^BS ■
CPlCH_E,ICr
loT-y ■
Energy p e r  chip
Power density  in the band consisting of interfering (non-orthogonal), not 
in terfering (orthogonal) and therm al noise pow er over the  received 
bandw idth
Therm al noise pow er over the received bandw idth 
Total num ber of evaluated base stations including the  serving cell 
T ransm it energy p er PN chip of the  CPICH to the  to ta l transm it pow er 
spectral density  ratio
Average received pow er from the  j-th strongest base sta tion  {lori indicates 
serving cell). It could be defined as:
\ o r j  =  Txjpw vj -  Lj, (5-3)
w here
TxjpwVj - T ransm it pow er from base sta tion  j
Signal loss from base s ta tion  j. It could be defined as:
Lj =  max{MCL, 128.1 4- 37.6 • log^o(Rkm) +  SF) — Gain(Q ), (5-4)
w here
M C L -
Ekm -
S F -
G ain(B )
e -
Minimum coupling (path) loss 
Distance betw een the  base sta tion  and term inal 
Shadowing factor due to  slow  fading 
Antenna gain
Angle betw een th e  direction of in te rest and the boresight of the  antenna
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The maximum Ec/No value is expected to be measured close to the base station in the centre of 
the cell where we can assume only three central sectors are dominant interferers as the remaining 
cells impact is negligible, due to the significant path loss effect.
Also in the fully loaded system with only three sectors in the central cell and assuming +14dB and 
-6dB as a maximum and minimum antenna gains:
TxjpwVj = 43 dBm 
N = —99dBm 
CPICH_EclIor = -W dB
îori = 43dBm -  70dB + 14dB = —13dBm 
îo? 2  = Î0 1 3  = 43dBm -  70dB -  6dB = —33dBm
 ___________- I Z d B m - lQ d B ___________ ^
N o m a x  —1 3 d B m - 3 3 d B r ti - 3 3 d B m -9 9 d B m  '
As it can be observed from (5-5), resulting maximum theoretical Ec/No value in the fully loaded 
system is almost -lOdB. This value corresponds to the maximum Ec/No value achieved in 
simulations and observed in Figure 5-6, Figure 5-67 and Figure: 5-78. This fact partially validates 
the simulation results.
Threshold impact on the serving cell quality during the reselection with a variable 
reselection delay -  to simulate variable reselection delay (Treselection parameter defined in 
[61]), different Treselection values were analysed. It included no cell reselection delay 
(Treselection = Os) and long reselection delay (Treselection = 5s).
All scenarios were analysed in a low mobility scenario (3km/h) and a typical DRX cycle 
(1280ms). Figure 5-9 presents CDF of the serving cell pilot signal quality during the cell 
reselection for both cases.
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Figure 5-9: CDF of pilot Ec/No values during the cell reselection with different Sintrasearch setting, 
UE speed=3km/h, DRX=1280ms, System load-100% , Treselection=Os and 5s
It can be observed from Figure 5-9, that in general, increasing the Sintrasearch results in an 
increased serving cell quality with no cell reselection delay. However this trend is limited 
similarly to the trend observed in Figure 5-6, Figure 5-67 and Figure: 5-78 -  the threshold values 
higher than +8dB (+14dB and +18dB curves for no reselection delay on Figure 5-9) provide 
limited improvement to the serving cell quality. This observation also applies to the long 
reselection delay scenario on the same figure.
Furthermore, it can be observed from Figure 5-9, that the Treselection parameter increase from Os 
to 5s has a small impact on the serving cell quality (less than 1 dB decrease). Similar effect was 
identified in [58].
Threshold impact on the time spent measuring neighbour cells with a variable system load -
to simulate variable system traffic load, different sector transmit powers were analysed. It 
included empty system (all cells transmit with a minimum idle transmit power), and a fully loaded 
system (cells transmit with a maximum power) in a low mobility scenario (3km/h) with a typical 
DRX cycle (1280ms). Figure 5-10 presents a percentage of time spent measuring intra-frequency 
neighbour cells for a different threshold setting.
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Figure 5-10: Percentage of time spent measuring neighbour intra-frequency cells with different 
Sintrasearch setting, UE speed=3km/h, DRX=1280ms, System load=0% and 100%
It can be observed from Figure 5-10, that in an empty system, Sintrasearch values lower than 
9dB, do not trigger measurements resulting in cell selection rather than reselection (mobile going 
out of service on serving cell and then selecting a neighbour cell). Also, 14dB Sintrasearch setting 
results in about 40% shorter average time spent measuring neighbours comparing to 18dB 
(continuous measurement equivalent). Assuming the current consumption cost is 100 units when 
no cells are measured and 120 units when intra-frequency measurements are performed as given 
in [64], it corresponds to about 7% energy saving.
In practice however, this saving may be reduced by the cost of updating the broadcasted system 
information in the UE with the new threshold value, if the proposed novel measurement threshold 
configuration scheme based on the traffic load is used. In [30] authors estimated that the cost of 
acquiring all system information blocks broadcast in a cell reduces UE battery life by about 30 
seconds. We estimate that the cost of reading only System Information Block 3 which signals 
updated Sintrasearch is about 10% of that value (3 seconds). Assuming that System Information 
Block 3 is updated every 5 minutes and 250 hours of standby battery life in idle mode, we 
estimate that the cost of updating Sintrasearch in the UE would be about 1%, (250 x 60min. x 
3sec.) / (250 x 5min. x 3600sec.) = 1%.
Decreasing the Sintrasearch value by 6 dB from the maximum value reduces the measurement 
time by up to 80% which could significantly increase the battery life - about 14% energy saving 
minus 1% as explained above. Both 16 dB and 18 dB setting in an empty system, requires the UE
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to measure neighbour cells all the time. Similar observations also apply to the fully loaded system, 
taking into account 7.5 dB offset due to the intra-frequency system interferences. In practical 
terms, it means that increased traffic load in the system would require lower threshold value to 
achieve similar measurement time reduction. In addition, it can be observed from Figure 5-10 that 
increasing the system load from 0 to 100% significantly degrades the serving cell quality (up to 
7.5dB Ec/No).
Figure 5-11 presents a characteristic of the relation between the median value of the serving cell 
Ec/No quality during reselection and the median value of the neighbour cells measurement time 
for different threshold values in different traffic load scenarios. It can be observed that for all load 
scenarios, Sintrasearch values higher than +14 dB tend to maximize the serving cell quality. 
Lower values (+6dB, +8dB) can be used to trade-off stand-by time with a cell quality, however in 
an empty system, there is a risk of failed reselection (UE goes out of service before reselecting to 
the new cell). In this case, the higher threshold values may be preferable. These observations 
match previous results presented in the literature [58]. Figure 5-11 also shows that the proper 
setting of the Sintrasearch, which minimizes time spent measuring neighbour cells and the related 
energy cost in the UE without significant Ec/No signal quality degradation, would be different 
depending on the current traffic load in the system.
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Figure 5-11 Serving cell quality during reselection vs. intra-frequency neighbour cells measurement
time for different traffic loads
Relation between neighbour cells measurement time and the energy saving in the UE
In order to better demonstrate how the presented results could be linked to the energy 
consumption in the practical terminal implementation, we can estimate the relation between the
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percentage of time spent measuring intra-frequency neighbour cells (as presented in Figure 5-11) 
and the energy saving in the UE resulting from not performing these measurements. We assume 
the current consumption cost is 100 units when no cells are measured and 120 units when intra­
frequency measurements are performed as given in [64]. If we define T as the percentage of time 
spent measuring intra-frequency neighbour cells, the corresponding energy saving in the UE could 
be calculated as (20 x (100 -  T) ) / 120 x 100. As a result, halving the measurement time T 
corresponds to about 8.3% energy saving.
The following conclusions which could be drawn from the simulations and analysis performed in 
this section are summarized below.
• Sintrasearch setting is a balance between a battery performance and a camping cell 
quality which could be optimised without significantly compromising the idle mobility 
performance. In some cases, 2dB lower Sintrasearch setting results in up to 60% shorter 
time spent performing measurements significantly increasing the battery life in the device 
and resulting in 10% estimated energy saving. However this value may be reduced by 
about 1% due to the cost of updating the Sintrasearch information in the UE every 5 
minutes if the proposed novel measurement threshold configuration scheme based on the 
traffic load is used.
• Simulations indicate that increasing the Sintrasearch improves the serving cell quality 
during a cell reselection only to a certain level, which is inversely proportional to the 
current traffic load in the system. This observation is valid for different mobile speeds, 
DRX cycles, reselection delays and system loads. This limit seems to be closely linked to 
the current system load which could be dynamic in nature. As a result, current approach 
based on the static Sintrasearch setting could be inefficient in networks with a significant 
traffic pattern changes.
• Increasing the mobile speed, DRX cycle or the cell reselection delay Treselection results 
in only small deteriorating effect on the serving cell quality. However, increasing the 
system load significantly degrades it.
5.4.3 Advantages of the proposed scheme
The main benefits of the proposed adaptive Sintrasearch scheme are summarised below:
• It is based on the adaptive dynamic threshold adjustment approach which mainly due to 
the variable characteristics of different services and corresponding traffic patterns, would 
be better positioned to provide improved performance comparing to the static threshold 
approach used in the legacy mechanism.
74
 Chapter 5. Novel Measurement Threshold Configuration Scheme Based on the Traffic Load
• Proposed mechanism could provide a better trade-off between the mobility performance 
in terms of the signal quality during the cell reselection procedure and the energy 
efficiency in the mobile terminal.
• Due to the adaptability embedded in the proposed scheme, the Sintrasearch value could 
be adjusted differently during different periods of traffic activity, resulting in the better 
overall system performance comparing to the legacy approach.
• It should be noted, that the measurement threshold mechanism analysed in this chapter is 
based on UMTS technology given as an example but the related problem is more generic 
and the proposed improved configuration scheme could be also applicable to more 
innovative technologies, using different radio transmission technique (e.g. LTE 
Advanced). In particular, the first version of the LTE standard (3GPP Release 8) uses the 
same measurement mechanism as part of the RRC protocol, based on serving cell RSRQ 
signal quality measurements due to different air interface technology used (OFDMA). As 
a result, the problem identified in this chapter and the proposed new threshold 
configuration scheme should be equally applicable (taking into account the fact that 
RSRQ characteristics in LTE may be slightly different to Ec/No in UMTS). In LTE 
Advanced (Release 10) however, additional RSRP measurement based threshold was 
introduced in parallel to RSRQ. Using the RSRP, which may be considered UMTS RSCP 
measurement equivalent in LTE, in combination with the signal quality may be 
beneficial, as this measurement is not impacted by the traffic load in the system. As a 
result, the proposed threshold configuration scheme could be further evaluated in the 
context of LTE-Advanced and extended with the RSRP measurements if  deemed 
necessary.
5.5 Conclusion
In this chapter, measurement threshold impact on the cell reselection performance and the 
mobile terminal energy efficiency was studied and the corresponding system level simulations 
were performed. Furthermore, a proposal was given for the improved adaptive measurement 
threshold scheme, taking into account the current system load, in order to increase the overall 
system performance in terms of the serving cell quality and the measurement effort trade-off. 
Improved mobile terminal energy efficiency resulting in the better user experience without 
compromising mobility performance could be achieved by introducing this mechanism. Despite 
the fact, that the proposed scheme is mainly given as high level guidelines, we believe the 
analysis performed in this chapter could be a good basis for the future work related to more 
detailed implementation and evaluation of this algorithm.
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Chapter 6
6 Mobility Optimisation Framework in Self- 
Organising Network
This chapter proposes a novel approach to optimize terminal mobility performance in a 
cellular radio system. It studies differences and similarities between a handover used in Radio 
Resource Control (RRC) protocol connected mode and a cell reselection procedure used in the 
idle mode. While these differences could cause some degradation in the system performance and 
the user experience, the similarities allow defining and introducing a new optimisation framework 
particularly useful to address it.
One example of the related problem is the difference between cell associations of a terminal 
during the mobility between two cells, resulting in a coverage misalignment between both RRC 
modes. Such misalignment could have a negative system performance impact during the 
connection setup process, in terms of unnecessary signalling and data latency. To reduce the 
misalignment, the proposed approach allows adjusting a cell reselection decision with the 
handover decision.
Furthermore, a new optimisation algorithm is proposed, using cell measurements reporting to 
support mobility robustness in Self-Organizing Network (SON) and improve the user experience. 
Performance evaluations based on modem cellular networks demonstrate how the coverage 
misalignment problem could be addressed.
6.1 Introduction
Ongoing evolution of wireless communication systems has improved a demand for 
functional requirements related to a greater degree of automation in mobile networks. Continuous 
increase in diverse wireless services traffic is having significant input into the evolution of the 
cellular networks resulting in a growing technical complexity. As a result, management of the 
wireless cellular network is a difficult and complex process that involves many tasks, including 
planning, configuration, optimization, and maintenance. These are crucial for achieving high 
quality of service and customer satisfaction; however, they are typically labour-intensive and 
costly tasks. To address these challenges, there is an urge in the industry to increase automation
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and self-organization mechanisms. This could involve different areas of network architecture 
including both radio access and core network. This goal could be achieved by new automated 
self-optimization mechanisms and algorithms available in the mobile network.
One of the problems identified and further analysed in this chapter is the self-optimization of the 
Radio Resource Control (RRC) protocol including the idle mode cell reselection algorithm in the 
radio access network. In particular, we investigate some unexplored aspects in the self-organising 
networks area related to the UE mechanisms to support idle mode cell reselection parameters, 
where the new optimisation methods needs to be defined and analysed. In particular, one aspect of 
the mobility optimization including unnecessary handover (HO) after leaving the idle mode, 
subsequent to the connection setup may negatively impact the system performance. This problem 
is further studied in this chapter.
There are different approaches to improve the mobility presented in the literature. One example is 
a Mobility Optimization use case defined in the Study on Minimization of drive-tests [22]. In this 
work, the information about mobility problems or failures can be used to identify localized lack of 
coverage or the need to adapt the network parameters setting. The need to address mobility related 
problems is also indicated by the mobility robustness optimization use case studied by 3 GPP as 
part of the Self Organising Networks (SON) functionality described in the technical report [20]. 
The report mainly focuses on the network controlled terminal mobility HO and related issues, 
without significant consideration to the cell reselection mechanism. The main objective of this use 
case is to automatically adjust the mobility parameters. Those related to cell reselection are 
defined in [61]. The list of handover parameters to be optimized depends on the solution adopted 
and may include hysteresis, time to trigger, cell individual offset or others defined in [20]. 
Suboptimal HO settings may result in degraded service quality and reduced mobility performance. 
A typical example is a wrong handover hysteresis setting which may result in the prolonged 
terminal connection to the source (rather than target) cell or the Ping-Pong mobility effect. 
Furthermore, the use case identifies four groups of HO related failures as follows:
• Problems caused by late HO trigger,
• Problems caused by early HO trigger,
• HO to wrong cell problems,
• Unwanted HOs subsequent to the connection setup (e.g. after leaving the idle mode of 
RRC protocol).
The last group is mainly caused by the cell reselection parameters poorly aligned with the HO 
parameters, potentially resulting in undesired cell changes after moving to the connected mode 
(during RRC connection establishment). These unnecessary handovers should be avoided, as they 
may generate additional signalling procedures in the radio interface [75]. This reduces air
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interface efficiency and may also deteriorate the user experience by increasing the data 
transmission delay. In the connected mode, increased signalling could be caused by RRC protocol 
control signalling messages exchanged between the UE and the network to support the handover
procedure. In the idle mode, increased signalling could be caused by the requirement for the UE
to inform the network about its current cell location after the cell reselection (RRC protocol cell 
update procedure).
To address the mobility related issues, the study report specifies the following Mobility 
Robustness Optimization functions in SON:
• Detection of Too Late HO,
• Detection of Too Early HO,
• Detection of HO to a Wrong Cell,
• Reducing inefficient use of network resources due to unnecessary HOs,
• Optimization of cell reselection parameters.
Specific cell reselection parameter optimizations based on the measurements from some 
commercial network deployments are described in [58] (study of the intra-frequency cell 
reselection) and [54] (study of the inter-system cell reselection). Results presented in the former, 
provide useful insight into different system configuration parameters trade-offs. These include the 
neighbour cells measurement threshold in the terminal, however they consider only low and 
medium user mobility scenarios, and do not provide analysis on the real impact of the traffic load 
in the system, as the study is based on the field measurements from a commercial networks, 
without full control and visibility of the system traffic load. In this paper, the authors used a 
UMTS battery consumption model further adapted for cell reselection optimization purposes. 
Furthermore, different intra-frequency cell reselection parameter settings were optimized for the 
terminal standby time and the camping (serving) cell quality. The impact of different reselection 
parameters was investigated, based on the field data from diverse RF environments (e.g. outdoor, 
indoor, low / high terminal speed, pilot / not pilot polluted) collected in some commercial 
networks.
Similar approach was used in the study [54] to provide recommendations for inter-system cell 
reselection parameter settings in different RF environments: network-boundary scenario, coverage 
hole and the entering-the-building scenario in the WCDMA network. As the outcome of that 
analysis, a set of engineering values of system parameters (e.g. recommended Sintrasearch 
threshold parameter setting) was proposed, as a good compromise for all analysed scenarios.
In another paper [60], cell reselection parameters setting guidelines for different deployment 
scenarios are provided; however the main focus of the work is only on the inter-frequency 
mobility in a multi-carrier WCDMA radio access network.
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This chapter addresses the problem of unnecessary HO after leaving the idle mode, when RRC 
connection is established. The aforementioned problem could adversely impact network resources 
usage efficiency [28]. The problem is addressed by a novel solution including optimization of 
mobility parameters using distributed self-organizing approach. Proposed solution could be easily 
implemented into distributed SON architecture, with the self-organizing network entity added e.g. 
to the RRM functions of the cell. As a result, the proposed approach may address the mobility 
optimisation on a per cell basis and does not require master control entity, as it is typically used in 
the centralised or hybrid SON approach.
The solution jointly addresses two aspects of the already mentioned Mobility Robustness 
Optimization function in SON, focusing on the problem of unwanted HOs after leaving the idle 
mode of RRC protocol and also the optimization of cell reselection parameters. Analysis of the 
source and the scope of the problem and quantification of its impact are based on the radio access 
network level simulations, using typical system configurations.
Furthermore, this chapter introduces a novel self-optimization framework for the cell reselection 
mechanism [6], which could be used to address the aforementioned issue. The framework is based 
on the terminal cell measurements and reporting and also the analogy between the mobility in the 
idle and the connected modes of the RRC protocol [17], specified by 3 GPP organization. It 
includes a new method to optimize cell reselection parameters by using enhanced connected mode 
measurement events [5]. The proposed terminal supported cross-mode (connected vs. idle) 
mobility optimization scheme could be implemented to support the self-organizing radio access 
network concept to improve both the network performance and the user experience, by reducing 
unnecessary HOs and the waste of radio resources. By using the proposed approach, problematic 
settings of the cell reselection parameters could be identified and easily adjusted. The solution is 
developed based on 3GPP UMTS (Rel-11) specifications used as an example to demonstrate how 
it could be implemented, however it is generic and could be easily adapted to other modem 
wireless cellular technologies.
The organization of this chapter is as follows. Section 6.2 compares how the mobility is 
performed in different RRC modes and introduces a related coverage misalignment problem in 
cellular systems. Section 6.3 describes the system model used in the performance analysis and 
explains its boundaries and limitations. A novel framework to optimise the cell reselection 
performance is proposed in section 6.4. Next subchapter describes a new SON mechanism to 
address the coverage misalignment issue. Section 6.6 outlines the simulation assumptions, 
performance criteria and methodology. Furthermore, it also discusses the low and high mobility 
performance evaluation related to the misalignment problem and quantifies how to reduce it, by 
using the proposed cross-mode coverage optimization algorithm. Final conclusions are given in 
section 6.7.
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6.2 Idle and connected mode mobility and coverage misalignment 
problem
According to RRC protocol specification [20], in the idle mode, the mobility is UE 
controlled. Apart fi-om acquiring system information (also performed in the connected mode) and 
paging channel monitoring to detect incoming calls, the UE needs to perform serving and 
neighbour cells measurements before making a cell reselection decision. As a result, the UE 
periodically using discontinuous reception (DRX) (specific DRX cycle may be configured by the 
network) monitors performance of the current serving cell and also neighbour cells to maintain 
the service continuity for the user. Based on the ranking of the cells on the same frequency 
derived from the measured common pilot channel (CPICH) quality Ec/No [dB] (expressed as the 
received energy per chip divided by the power density in the band) or the measured CPICH power 
expressed as Received Signal Code Power RSCP [dBm], the UE triggers the cell reselection 
procedure when there is better ranked cell available for the service. It allows the UE to camp on 
the more suitable cell. The UE shall attempt to detect, synchronize, and monitor intra-frequency 
(downlink frequency of the serving cell), inter-frequency and inter-RAT cells indicated in the 
measurement control system information of the serving cell. The UE measurement activity is also 
controlled by measurement rules, allowing the UE to limit its measurement activity if certain 
conditions are fulfilled. The reselection procedure is controlled by the UE and is using 
configuration parameters broadcasted by the Radio Access Network (RAN) on a per cell basis in 
system information messages (SIB messages). Detailed cell reselection requirements are 
described in [62].
hi the RRC connected mode, apart from supporting the user and signalling data transmission 
related functions, the UE needs to perform neighbour cell measurements and measurement 
reporting to the network required for the network controlled mobility purposes (handover). 
Reporting procedure is performed in accordance with the measurement configuration as provided 
by the dedicated signalling from the network (RRC Measurement Control message is typically 
used to carry the relevant information). To support mobility between neighbour cells on the same 
frequency, the UE can be requested by the network to perform the intra-frequency measurements. 
The measurement configuration includes a criterion that triggers the UE to send a Measurement 
Report message to the network (periodical or a single event), quantities that the UE includes in the 
report (e.g. measured pilot channel quality or power, number of cells to report). The reporting 
procedure is normally triggered by some predefined measurement events configured by the 
network. One example includes Event ID defined as “change of best cell” used in HSDPA 
mobility. There are also other supporting parameters used by the network to better control the 
reporting behaviour in the UE:
• Hysteresis -  measured quantity domain parameter used to limit amount of Event ID
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triggered reports. Ensures that Event ID is not reported until the Ec/No difference 
between the serving and the neighbour cell is equal to the hysteresis.
• Time-to-trigger - time domain hysteresis parameter used to limit the measurement 
signalling load (typically 0 - 5000ms). It is a time during which specific criteria for the 
event needs to be met in order to trigger a Measurement Report message. It is similar to 
the cell reselection parameter Treselection which is a time duration during which the 
target cell is better ranked (stronger) than the source cell before the reselection is 
triggered (see [61] for details).
• Cell individual offset -  either positive or negative parameter added to the neighbour cell 
measurement before the UE evaluates if Event ID has occurred.
Based on the configuration and reporting of Event ID or other similar predefined events, the 
network could be aware of the current serving and neighbour cell measurements in the UE and 
based on this information, is able to precisely control the cell handover decision triggered by RRC 
Physical Channel Reconfiguration or similar message in the UE. The network determines the need 
for the handover based on received measurement reports and / or load control algorithms. Details 
of the actual network handover triggering algorithm are not defined in 3 GPP standard and are 
typically left to the network vendor implementation. System requirements related to cell 
measurements in the UE and reporting them to the network are described in [20]. HSDPA 
mobility and related handover signalling procedures are described in [76].
The main differences between the neighbour cells UE measurements in the idle and the connected 
mode are characterised below:
• Minimum measurements fi*equency - in the idle mode, performance requirements are 
more relaxed comparing to the connected mode for the battery saving purpose and the UE 
needs to perform intra-frequency pilot channel measurements at least eveiy DRX cycle 
(e.g. 1280ms). In the connected mode, the minimum measurement period for intra­
frequency measurements is 200ms [69].
• Averaging filter -  it is optionally configured by the network in the connected mode to 
increase the reliability of the event ID evaluation and triggering in the UE. Detailed 
definition of the filter configuration with corresponding coefficient is provided in RRC 
specification. It is not used in the idle mode.
From the mobility point of view, there are some similarities between the cell reselection 
procedure used in RRC idle mode and the handover mechanism used in the connected mode. This 
fact was a basis for further analysis and development of the framework described in this chapter. 
From the network coverage planning point of view, the above mentioned differences in cell
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measurements between idle and the connected mode may cause a cell association difference in the 
UE during mobility, resulting in a coverage misalignment between the connected and the idle 
mode. This misalignment could be a reason of the abovementioned unwanted ElOs. Examples of 
the coverage misalignment between the connected and the idle mode for the high mobility 
scenario are presented on Figure 6-1 and Figure 6-2. Both figures clearly show the difference 
between the idle (black line indicating triggered reselection to the neighbour cell) and connected 
mode coverage of the serving (source) cell (red line indicating triggered handover to the 
neighbour cell). Due to the shadow fading effect (see the system model section for details), the 
coverage both in the idle and the connected mode is more scattered on Figure 6-2 comparing to 
Figure 6-1. Also, due to the 3-sector (120 degrees) antenna patterns in all cells, the coverage is 
skewed towards the directions with maximum antenna gain of the serving cell on Figure 6-2. In 
practice, in the idle mode cell coverage area which is not covered by the connected mode 
(“misalignment area”), it is likely that the RRC connection setup (e.g. triggered by the user data 
transmission) could also subsequently trigger unwanted HO to the neighbour (target) cell. If the 
data transmission is short and the UE releases RRC connection and transitions back to the idle 
mode within this “misalignment area”, it is likely that a subsequent cell reselection to the old 
serving cell would be required. If after the reselection, there is a need to update the network with 
the current cell the UE is camped on, a cell update procedure (see [20] for details) could be 
subsequently triggered increasing the signalling load even further. As already mentioned, these 
unnecessary handovers and cell reselection procedures could be detrimental for air interface 
efficiency, system performance and the user experience (higher data latency) due to additional 
RRC signalling procedures triggered in the radio interface to support cell mobility. As a result, the 
reduction of the coverage misalignment area would result in the improved system performance.
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Figure 6-1: Simulation based comparison of the spatial cell coverage in the idle and the connected 
mode (UE speed=120km/h, omni-directional antenna, shadow fading disabled)
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Figure 6-2: Simulation based comparison of the spatial cell coverage in the idle and the connected 
mode (UE speed=120km/h, 3-sector antenna, shadow fading enabled)
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6.3 System model
Detailed modelling of the dynamics in a cellular system can be a complex task. As a result, 
we focus on the most relevant aspects from the terminal mobility point of view and make some 
simplifying but reasonable assumptions related to the network and the terminal capabilities. They 
are described further in this section.
We consider a cellular system model S = ( N b s , M) where N bs  i s  the number of base stations 
(Node B) and M is the number of distributed users. The system consists of idealized hexagonal 
cells with predefined inter site distance with a base station at the centre of each cell. In this model, 
the central hexagonal cell is surrounded by two rings of cells. Cells are divided into three sectors 
of 120 degrees. Each cell sector is served by a single antenna with radiation pattern modelled in 
horizontal direction only. The maximum antenna gain is defined at zero degree horizontal angle. 
The frequency reuse equals one, i.e. transmission from all cells happens on the same frequency.
A user receives signals from all sectors and all base stations are assumed to transmit with a 
maximum power to model the full system load. It is assumed, that the total traffic is distributed 
uniformly between cells.
In a real HSPA system, power and channelization codes resources are shared between dedicated 
transport channels (e.g. voice) and HSPA transport channels (data). When data services are active, 
downlink power from the base station is kept constant and shared between voice channels and 
data channels. Power not used for voice can be used for data. If there is no data traffic, then the 
sector transmit power will fluctuate, depending on the voice usage.
The UE measurement behaviour in the idle mode is modelled using Discontinuous Reception 
(DRX) cycle. The UE receiver stays in a sleep mode most of the time and only wakes up every 
cycle to perform the measurement activity -  always measuring the current serving cell and the 
neighbour cells. Serving cell is changed (reselected) according to the reselection algorithm 
explained in the previous section. It is assumed, that the user equipment is camped on the serving 
cell in the idle mode - there is no active dedicated radio connection with a mobile network and 
only common broadcast signalling from the network to the terminal (unidirectional) is possible to 
allow paging or the transmission of different radio configuration parameters.
The UE measurements in the connected mode are modelled to simulate the handover. All cell 
measurements are taken every simulation step size and then filtered using a physical layer sliding 
averaging window. Total handover delay includes of TimeToTrigger for Event ID (see Table 6-1 
for details) and the network delay defined as the delay from the sending of Event ID to the arrival 
of RRC Radio Bearer Reconfiguration message initiating the handover at the source Node B [77]. 
Optional network configurable averaging filter is not modelled.
Terminal mobility is based on the model of a user moving out with a constant speed from the 
central point and approaching the neighbour cell. From the practical point of view, it may appear
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slightly artificial, especially for low mobility scenarios; however this model should be good 
enough and suitable to evaluate the performance of a typical mobility scenario, without adding 
unnecessary simulation complexity. It is also convenient from the results interpretation point of 
view. Taking into account the performance criteria considered in the simulations (see subchapter 
6.6.2 for details), it is expected that the achieved results would not be significantly different, when 
the more sophisticated mobility model would be used.
The transmitted signal is attenuated due to the distance from the Node B and the shadowing 
effects in the environment around the receiver. The propagation attenuation between a transmitter 
(base station) and a receiver (user) takes into account the antenna gain, the path loss and the 
shadow fading [71], [72] and is used to calculate the received power. At the terminal side, the UE 
is equipped with an omni-directional antenna and its gain is ignored in the simulation. Both the 
noise figure and the thermal noise power in the terminal and their impact on the degradation of the 
signal-to-noise ratio, typically observed in the radio frequency receiver are also considered. 
Channel path loss is based on the model for vehicular test environment described in details in 
[23], taking into account a minimum coupling loss, antenna pattern and the log-normal 
shadowing. Spatial shadowing correlation between sectors and sites (Node Bs) and the de- 
correlation distance are also considered. The effect of the small scale (fast) fading is not included 
in the model and simulations.
6.4 Novel idle mode mobility optimisation framework
To support the cell reselection mechanism optimisation, a new approach is proposed. A 
novel fi*amework is based on the fact, that existing connected mode events configuration 
parameters could be mapped to the corresponding idle mode cell reselection parameters. By using 
this approach, the UE being in RRC connected mode is able to emulate the idle mode cell 
reselection algorithm behaviour in parallel to the ongoing normal connected mode measurement 
activity.
From the implementation point of view, the idea is to use as an input the same serving and 
neighbour cells measurements performed in the UE for handover based mobility but adapt them, 
to emulate the typical measurement configuration and behaviour in the idle mode. In particular, 
this would require using measurements before averaging filter is applied (if configured by the 
network) and reducing their frequency (e.g. from 50ms to 1280ms in the typical system 
configuration). Based on those emulated idle mode measurements, the UE would be able to 
independently evaluate and trigger normal handover procedure and also the “artificial” cell 
reselection behaviour with corresponding hysteresis and offset parameters if configured.
The main benefit of this approach is that it allows the UE to precisely identify and measure the 
coverage misalignment in the cell change between both mobility behaviours. This information
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could be valuable from the network point of view and could be used to optimise the network 
configuration to reduce such misalignment.
The potential optimisation on the network side to reduce the coverage misalignment could include 
the cell reselection or the handover parameter (e.g. adjustment of the Qoffset or Cell individual 
offset parameter). The main novel part of the proposed approach is that the misalignment 
information extracted from the UE in the connected mode is used to increase the mobility 
robustness by cross-mode mobility and coverage optimization in the same time. This data could 
be then immediately reported to the related SON algorithms performed in the relevant network 
entities. One of the advantages of this approach, comparing to the UE based measurement logging 
used in Minimization of Drive Tests (MDT) [78], [79] is that it allows faster and more precise 
misalignment optimisation as the delay between storing the idle mode measurements in the UE 
and reporting them to the network when the UE moves to the connected mode is avoided. 
Proposed approach has not been studied in the state of the art and is currently not exploited in the 
existing cellular technologies.
Based on the intra-frequency example (but not limited to, as the framework could be also applied 
to the inter-frequency and inter-RAT measurements and related mobility procedures), there is a 
mapping proposed between corresponding connected and idle RRC mode measurement 
configuration parameters presented with some enhancement to support the proposed optimization. 
The enhancement is based on the serving and neighbour cells CPICH Ec/No quality 
measurements performed in the UE during the terminal mobility in connected and idle RRC 
modes. Based on the new concept of emulating the idle mode behaviour in the connected mode, 
new optimization method is proposed for Mobility Robustness Optimization function in SON as 
an example of the application of the proposed framework.
To emulate the idle mode cell reselection behaviour in the UE, connected mode Event ID could 
be used with the following mapping of configuration parameter values (see Table 6-1 for more 
details of the mapping. Parameters are defined in [20] and [61]):
• TimeToTrigger = Treselection,
• Hysteresis = Qhyst,
• Cell individual offset = Qoffset.
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RRC Connected mode 
Event ID (“change of best cell”) parameter
RRC Idle mode cell reselection parameter
TimeToTrigger - the time during which specific 
criteria for the event needs to be met in order to trigger 
a measurement report
Treselection - cell reselection timer value
Hysteresis - hysteresis parameter [dB], ensures that 
Event ID is not reported until the Ec/No difference 
between the serving and the neighbour cell is equal to 
the hysteresis
Qhyst - hysteresis parameter [dB], ensures that 
cell reselection is not triggered until the Ec/No 
difference between the serving and the neighbour 
cell is equal to the hysteresis
Cell individual offset - offset parameter [dB], added 
to Ec/No measurement o f neighbour cell
Qoffset - offset parameter [dB], added to Ec/No 
measurement o f neighbour cell
Table 6-1: Mapping between Event ID and cell reselection parameters
In the connected mode, the UE would be able to emulate the “artificial” cell reselection using 
Event ID configured with additional idle mode parameters as defined in Table 6-1.
Based on the triggering and reporting of such configured Event ID, the UE during the handover 
procedure is able to detect when there is a misalignment with the cell reselection.
When detecting and reporting the misalignment, the UE is also able to store the related serving 
cell quality value (Ec/No) as follows (see Figure 6-3 for details);
Ec/Nojiandover for a handover in the connected mode 
Ec/No_reselection for a cell reselection in the idle mode
Those values could be then used to find Ec/No_difference using the following formula (6-1):
Ec/No_difference = Ec/NoJiandover — Ec/No_reselection. (6-1)
Ec/Nojdifference [dB] is the parameter which describes how big is the difference in serving cell
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coverage between the connected and the idle mode. It is illustrated in Figure 6-3, The bigger the 
measured Ec/No_difference value, the higher the possibility of connected / idle mode mobility 
misalignment causing undesired Ping-Pong behaviour (due to different cell coverage in both 
modes). In an ideal situation, when Ec/No_dijference parameter is equal to zero, it could be 
expected that connected / idle mode misalignment does not exist. As a result mobility 
performance could be increased.
Serving cell Ec/No[dB] Neighbor cell Ec/No[dB]
Event 1D reported from UE 
-  “Change of best cell’ 
(TimeToTrigger = Treselection 
Hysteresis = Qhyst)
TimeToTrigger
Ec/No_handover y
Ec/No_dlfference
Ec/No_reselection
[<—-Serving cell coverage in RRC connected mode with handover—V  
! Neighbour cell handover
! triggered in UE
^ .............................Serving celi coverage in RRC idle mode with celi reselection......
Neighbour cell reselection 
triggered in UE
Figure 6-3: Method of cross-mode (RRC connected vs idle) mobility optimization in the UE 
based on measurement event ID emulating cell reselection
To support the coverage and mobility robustness optimization in the network, Ec/No jdifference 
parameter value could be reported to the network using dedicated RRC signalling (e.g. RRC 
Measurement Report or similar message). This data could be then immediately reported to the 
related SON algorithms in the network. By gathering and analysing those parameters, the network 
is able to optimize mobility performance by adjusting related handover (e.g. using Cell individual 
offset parameter) or cell reselection mobility parameter (e.g. using Qoffset parameter). The main 
novel and inventive part of this approach is that the data extracted from the UE in the connected 
mode is used to optimize the mobility performance in the network (between the cormected and
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idle modes). As a result, cross mode handover-reselection misalignment mobility optimization is 
possible. Similar approach has not been found in the existing literature.
6.5 New cross-mode coverage optimization algorithm
The problem of the coverage misalignment between the connected and the idle mode is 
described in details in section 6.2. The following new algorithm could implement the cross-mode 
(RRC connected vs. idle) mobility optimization, reducing the coverage misalignment in the cell 
(see Figure 6-4 for details of the information flow):
1. Network identifies the idle mode cell reselection configuration based on the SIB data 
(Treselection, Qhyst).
2. Network using RRC Measurement Control message configures measurement event ID 
(“change of best cell”) when in the connected mode to detect the emulated idle mode cell 
reselection with the following event parameters (see Table 6-1):
a. TimeToTrigger = Treselection
b. Hysteresis = Qhyst
3. Then, event ID is configured and evaluated in the UE based on serving and neighbour 
cell Ec/No measurements performed in the connected mode but emulating idle mode 
measurements (frequency, filtering)
4. Event ID emulating cell reselection is triggered in the UE.
5. When event ID is triggered, the UE reports the measured Ec/No jdifference [dB] value 
(see formula (6-1) in the previous section for definition) to the network in the RRC 
Measurement Report message.
6. Triggered cell reselection information is indicated to the self-organizing network entity. 
Assuming that in SON algorithm N Ec/No jdifference [dB] values could be reported from 
different UEs, network can choose ‘Cell individual offset’ handover parameter or 
‘Qoffsef reselection parameter to tune its setting and minimize the coverage 
misalignment. An optimization problem to minimize the averaged Ec/No_difference[dB\ 
value is defined below in formula (6-2):
minx^Y.iEc/No_difference(x), (6-2)
where:
N — number o f  reported values,
(x = Cell individual offset)  OR (x = Qoffset)
depending on the chosen handover or cell reselection tuning parameter.
7. Optimized handover or cell reselection parameter value is updated in the RRC system 
information data of the cell (i.e. SIB for cell reselection). Figure 6-4 shows an example of
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the information flow between the network and the UE with the Qoffset reselection 
parameter chosen for tuning.
Ec/No serving and 
neighbour cell measurements
Dedicated signalling 
configuration controller
Broadcasted (point to multipoint) 
RRC Idle mode system information data 
(SIB) controller
Dedicated (point to point)
RRC Connected mode signalling controller
Self organizing 
network entity for 
RRC Idle mode 
(statistical analysis 
from many UEs): 
Minimize 
Ec/No difference
(Event 1D, 
Ec/No_difference)
4: Emulated cell
UE (RRC Connected mode)
Serving and neighbour ceil 
measurements manager
 ^ 3: Event 1D 
emulating 
ceil reseiection
configured
2: RRC Measurement Control 
(Event 1D: emulated cell reselection)
5: RRC Measurement Report 
.(em ulated celi reselection triggered,,
Ec/No_difference)
NETWORK
1: Celi reseiection 
configuration based on SIB
6: Emulated cell 
reseiection triggered
(Ec/No_difference)
7: Ceil 
reseiection 
configuration 
updated
(Qoffset)
Figure 6-4: Model of the information flow between the network and the UE in the RRC 
eonnected mode supporting cross-mode (connected vs. idle) cell reseiection parameters 
optimization based on event ID emulating cell reseiection
6.6 Performance analysis
6.6.1 Simulation environment
We perform system-level simulations for M = 1 user (one UE) using typical cell reseiection 
configuration settings in HSPA system used as an example [25]. Analysis for only one user is 
sufficient; as its mobility is evaluated in different directions on a step by step basis (see below for 
details). This approach is comparable to simulating mobility of many users in the same time while 
reducing the simulation complexity.
Each cell sector is served by an antenna with the 14dB gain (at zero degree horizontal angle) and 
the pattern described in Table II. There are Nbs =19 cells and 3 x Nbs = 57 sectors in total as in 
[70] with 1000m inter site distance (ISD). Omni-directional antenna with OdB gain is also used 
for comparison. Base station antenna pattern and other simulation assumptions, are typical models 
used in macro cell deployment simulations used by 3 GPP in developing UMTS standard. We 
consider 70dB minimum path loss (minimum coupling loss) and the log-normal shadowing with 
OdB mean and a standard deviation of 8dB [71], [72]. The shadowing is assumed to be spatially 
correlated with 1.0 correlation between sectors, 0.5 correlation between sites (NodeBs) and 50m 
de-correlation distance. Shadowing factor was generated using the approach described in [73].
For the idle mode cell reseiection purpose, all cell measurements are filtered using a physical
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layer 2-samples sliding averaging window [69] with measurements taken every DRX cycle 
(1.28s). Simulation step also equals one DRX cycle. Cell reseiection delay (Treselection 
parameter value) equals 1 second. Both Qhyst and Qoffset parameters (see section 6.4 for details) 
are considered zeroes.
For the connected mode handover purpose, all cell measurements are filtered using a physical 
layer 4-samples sliding averaging window, with measurements taken every 50ms (simulation step 
size) [80]. Handover delay (520ms) consists of TimeToTrigger (320ms) and the network delay 
(200ms). Both Hysteresis and Cell individual offset parameters (see previous sections for details) 
are considered zeroes.
All terminal mobility directions are evaluated in 1 degree steps and the UE proceeds radially in a 
straight line out of the centre up to the ISD = 1km distance. Statistics of the serving cell quality 
(Ec/No [dB]) and distance from the serving base station ([meters]) during the reseiection and 
handover are gathered from the central cell only. The serving cell is the one with the highest 
received signal quality [68]. The UE noise figure is set at 9dB, and the thermal noise power is 
assumed to be -108 dBm.
To verify proper operation of the simulator and the interference characteristics, a Cumulative 
Distribution Function (CDF) of geometry (SINK) was generated showing good match with 
reference curves presented in the literature [70], [74]. Table 6-2 presents the summary of the 
simulation parameters.
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P aram eter Assumption
Cellular layout Hexagonal grid, 19 NodeBs, 3 sectors per 
Node B without wrap-around
Carrier frequency 2000 MHz
Inter site distance 
ISD
1000 m
Path loss model L= 128.1 + 37.6Zogio(Rkm)
Minimum coupling loss 70 dB
BS antenna gain 3-sector deployment: 14 dBi, 
Omni-directional deployment: 0 dBi
BS antenna pattern 3-sector deployment:
Xg)— mm 12^ — j ./L 0=^70  degrees
Am  = 20 dB
0 is the angle between the direction o f interest and the boresight o f the 
antenna,
03^3 is the 3dB beam width in degrees,
Am is the maximum attenuation (front-to-back ratio)
Maximum Sector Transmit 
Power
43 dBm - full system load,
Transmit energy per PN chip of 
the CPICH to the total transmit 
power spectral density ratio 
CPICH_Ec/Ior
-10 dB - full system load,
UE noise figure 9dB
DRX cycle 1280ms
UE measurement filter Idle mode: 2 samples sliding averaging window, measurement samples 
every 1280ms,
Connected mode: 4 samples sliding averaging window, measurement 
samples every 50ms
UE speed 3 km/h, 120 km/h
UE mobility model UE starts from centre o f coverage, user proceeds radially in straight 
line out o f the centre up to the ISD distance. All directions evaluated in 
1 degree steps.
Simulation step size Idle mode: 1280ms 
Connected mode: 50ms
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Cell reseiection / handover delay Idle mode: Treselection = 1.28 seconds.
Connected mode: 520ms (TimeToTrigger = 320ms plus Network delay 
= 200ms)
Shadow fading Lognormal, 8 dB standard deviation,
De-correlation distance 50 m
Correlation between sectors 1.0
Correlation between sites 0.5
Statistics logged Serving cell quality (Ec/No [dB]) and distance from the serving base 
station [meters] during cell reseiection (idle mode) and handover 
(connected mode)
Table 6-2: Simulation assumptions
6.6.2 Results and discussion
The problem of the coverage misalignment during terminal mobility between idle and 
connected modes was studied for both low (pedestrian) and high (vehicular) mobility scenarios. 
To better quantify it, two types of information were gathered in simulations:
a) Serving cell quality measured as CPICH pilot Ec/No [dB] when the cell reseiection (UE 
in the idle mode) or the handover event (UE in connected mode) was triggered (see 
Figure 6-5).
b) Distance measured from the serving base station [meters] when the cell reseiection (UE in 
the idle mode) or the handover event (UE in connected mode) was triggered (see Figure 
6-6).
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Figure 6-5: CDF of the serving cell quality coverage (pilot Ec/No) in the idle mode (during a 
reseiection) and the connected mode (during a handover) for a low and high mobility scenario
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reseiection) and the connected mode (during a handover) mode for a low and high mobility scenario
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The goal of both figures is to present and quantify the identified coverage misalignment issue in 
two different domains, including signal quality and physical location for different terminal 
velocities.
It can be observed from Figure 6-5 that for low mobility scenario (average UE speed = 3km/h), in 
about 65% cases the serving cell quality is lower for the reseiection than handover. The average 
Ec/No difference (which corresponds to the Ec/No_difference parameter of the algorithm defined 
in previous section) is about 0.25dB. For high mobility scenario (average UE speed = 120km/h), 
similar trend is observed for most cases with almost IdB average Ec/No difference.
It can be observed from Figure 6-6 that for low mobility scenario (average UE speed = 3 km/h), 
the distance from the base station is longer for the reseiection than handover. The average 
difference is about 60 meters. For high mobility scenario (average UE speed = 120km/h), similar 
trend is observed with almost 200 meters average difference.
Those differences may indicate that typically, the UE mobility based on the handover procedure 
would be triggered sooner than the cell reseiection based mobility. This is mainly caused by the 
fact that the total handover delay is shorter than the cell reseiection delay and cell measurements 
are performed more frequently in the connected mode. From the network planning point of view, 
it could also indicate that connected mode coverage of the cell would be typically smaller than the 
idle mode coverage causing undesired misalignment and reducing system efficiency.
Based on Figure 6-5 and Figure 6-6, it may be also concluded that increased user terminal 
mobility increases the coverage misalignment problem between the idle and the connected mode. 
In practice, curves presented in both figures confirm the validity of the coverage misalignment 
problem between the handover and the reseiection.
To reduce this problem, cross-mode coverage optimization algorithm described in the previous 
section could be used. From the practical implementation point of view, in this algorithm either 
Cell individual offset or Qoffset network parameters could be derived from the averaged 
measured Ec/No_difference [dB] measured and reported to the network by different user 
terminals in the connected mode.
Assuming that the high mobility data on Figure 6-5 and Figure 6-6 is gathered from the real 
network, rather than simulations, about IdB value of the Cell individual offset or Qoffset 
parameter would be required to reduce the about 200 meters coverage misalignment problem 
between the idle and the connected mode.
6.6.3 Benefits of the proposed scheme
The important advantage of the presented idle mode mobility optimisation framework is 
the fact, that it is generic and as a result allows addressing different aspects of the cell reseiection.
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apart from the coverage misalignment problem analysed in this work. Furthermore, comparing to 
the traditional approach found in the state of the art [30], when the cell reseiection optimisation 
data is gathered from the UE and stored in its memory during the idle mode and later uploaded to 
the network when the UE switches to the connected mode, it is more efficient. This is mainly due 
to the fact that the memory storage requirement and the data upload delay until the RRC 
connection is established are avoided in the proposed framework. Also the fact of reusing the 
connected mode cell measurements already available in the UE for the idle mode optimisation 
purpose, may contribute to the increased energy efficiency in the UE. Further advantage is the 
possibility to extract different types of optimisation data combining measurements from both idle 
and connected modes in the same UE. It improves the granularity of the information available for 
the SON algorithms comparing to the traditional approach, when both modes are optimised 
separately and may be particularly useful for use cases requiring better alignment between them. 
The main benefit of the proposed cross-mode coverage optimisation algorithm is the reduced risk 
of the unnecessary HO after leaving the idle mode, when the RRC connection is established as 
described in [75]. As a result, signalling resources (control channel) could be saved. Typically, 
minimum three RRC signalling messages supporting the handover could be bypassed [80] and the 
resulting user data interruption could be avoided. The potential data transfer delay savings due to 
the redundant handover may vary, depending on the type of the procedure used by the network. In 
case of the serving cell change procedure used in HSDPA, it could be between 400 - 920ms (see 
details in Table 6-3 based on [77]). Another advantage of the proposed scheme, comparing to the 
solution presented in the literature [81], is that the scale of the coverage misalignment is 
quantifiable and consequently could be better controlled.
Parameter Delay
Event ID (“change o f best cell”) Time to trigger TTT (320 - 640) ms
Network Delay - includes transfer o f the following RRC protocol messages:
1. MEASUREMENT REPORT from UE to NW
2. RADIO BEARER RECONFIGURATION from NW to UE
3. RADIO BEARER RECONFIGURATION COMPLETE from UE to NW
(80 - 280) ms
TOTAL (400 - 920) ms
Table 6-3: Delay savings due to handover signalling
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6.7 Conclusion
In this chapter, the difference between cell associations of a terminal during the mobility 
between two cells, resulting in a coverage misalignment between both RRC modes was studied. 
This misalignment may result in the unnecessary HO reducing the system performance.
To address it, the novel mechanism which could be used to support SON algorithms in the cellular 
network was described. The proposed solution is a new way to optimise different cell reseiection 
parameters. Based on 3GPP standard used as an example, the method of cross-mode (connected 
vs. idle) mobility and corresponding coverage misalignment optimization in the UE is proposed. 
Furthermore, a technical implementation of the network optimization algorithm is described with 
a definition of the minimization problem to avoid the misalignment between the idle and the 
connected mode cell coverage. Cell reseiection and handover mobility simulations are performed 
to demonstrate the problem and benefits of the proposed scheme. Reducing the coverage 
misalignment between both modes could result in a decreased mobility related signalling, reduced 
data transmission delays, improved system efficiency and also better user experience.
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Chapter 7
7 Summary, Conclusion and Future Work
7.1 Summary and Conclusion
In this thesis, I have analysed the terminal mobility performance and the related 
measurements mechanisms in the cellular network from many different angles. Research methods 
consisted of both empirical and theoretical approaches. In particular, I focused on the 
autonomously controlled terminal mobility mechanism called cell reseiection and explored how 
the network self-organisation concept could be applied to it. Starting from the analysis of the real 
network data gathered in the practical mobile terminal implementation and then going through the 
MATLAB based system level simulations and modelling, I identified important drawbacks and 
proposed many valuable improvements which could be introduced in the future generations of 
self-organising radio access networks.
Firstly, I presented the evaluation of the autonomously controlled terminal mobility in the cellular 
network. Based on the field network data measurements, I have shown how the cell reseiection 
mobility algorithm works from the terminal point of view and what its shortcomings are. 
Furthermore, I demonstrated that the current neighbour cells measurement threshold configuration 
scheme may be suboptimal especially from the UE energy efficiency point of view and that there 
could be a potential to improve it. This is due to the fact that the threshold is typically statically 
configured with the same value used in different cells. Significant system performance 
improvements could be achieved by applying a proposed dynamic configuration approach on a 
per cell basis. As a result, a proposal of a new technique to reduce the terminal energy 
consumption based on the dynamic neighbour cell measurements threshold optimization was 
described. This technique is important, as based on the empirical signal quality measurements; the 
potential energy consumption decrease in the mobile terminal could be considerable for neighbour 
cell measurements on the same frequency. It could be even further increased by applying similar 
approach to cell measurements on different frequencies and radio access technologies. Using real 
data despite its potential limitations provided a good starting point and initial insights into the 
nature of the problems which were further explored in the following chapters of this thesis. 
Consequently I was able to perform more detailed system performance evaluation of the serving 
cell quality and the measurement effort trade-off during the cell reseiection based mobility.
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System level simulations demonstrated the impact of the neighbour cells measurement threshold 
setting on the serving cell quality during the reseiection and the measurement effort in the 
terminal. It was identified that the threshold controls a balance between the energy consumption 
and the camping cell quality. It is important to note, that the research outcome has shown that in 
some cases the goal of maximizing the serving cell quality and minimizing the terminal energy 
consumption are not contradictory as initially expected. Based on this work, a novel adaptive 
measurement threshold scheme taking into account the system load was proposed. It improved the 
mobile terminal energy efficiency, resulting in better user experience without compromising the 
mobility performance and the received cell signal quality. Demonstrated energy efficiency gains 
could directly contribute to the significant battery life improvement in the phone for the typical 
mobile subscriber, improving its service quality. It was identified that the small threshold value 
adjustment, insignificant from the system performance point of view may result in almost 10% 
terminal battery life saving. Furthermore, it was demonstrated that this dynamic configuration 
approach taking into account a variable level of system interference is better than traditional and 
often inefficient static approach used in current technologies. It also results in the better overall 
system performance.
Having developed the simulation environment to this point, another research angle included the 
identification and analysis of the cell coverage misalignment between the RRC idle and connected 
modes, reducing the mobility performance and increasing the system signalling as described in 
Chapter 6. To conclude my work and resolve the identified problem, I introduced and developed a 
mobility optimization framework applicable to the self-organising network. I also proposed a new 
network optimization algorithm which avoids the coverage misalignment, reducing unnecessary 
signalling traffic and user data delays caused by the terminal mobility. The proposed solution 
could benefit the mobile end user connectivity, while improving the radio resources usage and 
overall system performance in the radio access network.
The proposed cross-mode (connected vs. idle) mobility optimisation framework, used for the 
coverage misalignment improvement is an example is a novel architecture, not explored in the 
state of the art. Furthermore, the proposed method is a very useful tool which has a significant 
system performance optimisation potential and could be further extended for other optimisation 
use cases improving the self-organisation of the radio access network. Also the innovative 
approach involved in the framework makes it is significantly more efficient than legacy schemes 
used in existing cellular systems, demonstrating high adoption potential.
It is worth highlighting that the developed system level mobility simulator in MATLAB models 
the terminal mobility performance in the cellular network using simulation assumptions 
recommended by the wireless industry. It allows the presented results to be practically relevant 
and directly related to real network implementations. Those results could be easily validated in the
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lab environment or in the field if needed. Furthermore the fact of using performance criteria in 
this study either identical or closely related to those already used by the industry, increases the 
chance of proposed mechanisms adoption in the future.
To this end, I also looked at the cell reseiection and its related signalling performance from the 
mobile system point of view. In Chapter 4, I identified, modelled and described a signalling 
congestion problem caused by almost simultaneous cell reselections generating a high amount of 
signalling traffic potentially causing bottlenecks in the network. To address this problem, a new 
mass mobility signalling congestion avoidance mechanism was proposed, which could improve 
the network performance and the user experience, especially in the hotspot cells with similar 
mobility pattern of numerous mobile terminals.
The work and contributions presented here are mostly limited to the optimisation of the cell 
reseiection mechanism, without significant consideration given to the handover procedure, 
however they are important as they introduce a new way of approaching user terminal mobility 
performance optimisation from different angles, taking into account both the end user and the 
cellular system considerations.
In addition, performed studies, proposed ideas and obtained results are developed based on 3 GPP 
UMTS standard evolution mainly focusing on the macro cells deployment scenario. However, 
the ongoing evolution of the wireless technology today introduces various new requirements. 
Among others, this may include architectural changes (e.g. mostly data oriented services in LTE 
without dedicated architecture for the voice services as it was in GSM or UMTS systems) and 
new deployment scenarios including dense small cells. These new aspects may introduce new 
technical challenges and as a result, may also require new approaches. However the contributions 
resulting from this research are generally related to higher layers of radio resource management 
mechanisms (i.e. Layer 3 RRC protocol), and as such are generic and not closely tied to the 
particular type of service, wireless radio technology or the deployment scenario and after the 
evaluation in the context of new system behaviour, should be broadly and easily adaptable to 
these new requirements.
It may be also worth noting that in parallel to undertaking this research, most of the novel ideas 
presented in this thesis were further refined and developed from the practical implementation 
point of view and submitted in the international patent applications.
7.2 Future work
This thesis provided new insights and described novel approaches to optimise the terminal 
mobility in the self-organising radio access network environment. Despite the fact that chosen 
research methods may relate to the results specific to the particular radio access technology, the 
identified problems and solutions are generic enough to be applicable to future generations of
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mobile communication systems. The potential future development of this work falls into few 
areas as follows;
a) Verification of the simulation results and proposed new mechanisms in the future 
generations of radio access technologies - It should be noted that the measurement 
threshold mechanism analysed in this work is based on UMTS/HSPA technology given 
as an example but the related problems and proposed solutions may be universal. 
Proposed improved schemes could be applicable to more innovative technologies, 
using different radio transmission techniques (e.g. LTE Advanced, 5G).
b) Validation of the simulation results and proposed new mechanisms in the real 
network -  Detailed simulation assumptions recommended by the industry used in this 
thesis would allow presented mobility performance results and solutions to be validated 
in the real network deployment if required. It could include a test network lab 
environment which is typically easier to control but also a test bed field network or 
even a commercially deployed radio access network.
c) Extension of the proposed cross-mode connected / idle mobility optimisation 
framework -  This thesis presented a new framework that could be applied to mobility 
robustness optimisation use case in the self-organising network. The optimisation 
objective there is to reduce the inefficient use of network resources due to unnecessary 
handovers. It is worth noting, that new tool presented here could be easily adapted to 
solve other problems in the self-organising radio access environment. Firstly, this may 
include an identification of the potential existing or new self-configuration or self­
optimisation use cases. In particular, the existing ones could include:
• Coverage and capacity trade-off optimization,
• Mobility load balancing optimization,
• Optimisation of other cell reseiection parameters.
d) Design and development of the new improved mobility architecture in the cellular 
system -  The work undertaken in this thesis was based on the conventional mobility 
architecture and approach used in modem commercial cellular radio access network. It 
includes the distinction between the idle and connected mode mobility configuration in 
the RRC protocol that is also directly linked to the decision which entity controls the 
terminal mobility decision (the network or the UE). It is predicted that the future 
generations of mobile radio access networks will need to be more flexible in terms of
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the type and the variability of the handled user traffic. It may include both the 
infrequent small data packets required for the machine to machine type 
communications and very high date rates required for human to human 
communications.
In practice, the current mobility architecture may be suboptimal to handle this broad 
range of traffic types. As a result, some design aspects would need to be redefined and 
improved to better support these new requirements. In particular the following aspects 
would need to be potentially reconsidered and improved:
• Who controls the mobility (the network or the UE)? The decision should be 
more flexible and independent from the current RRC protocol state machine 
(idle or connected) -  overall mobility architecture either fully disconnected 
from or only loosely linked to the radio resource control function,
• Due to the potential diversity of the user data traffic, switching between the 
network controlled mobility (handover) or the autonomously UE controlled 
mobility (cell reseiection) should be more efficient and quicker as required by 
the current traffic characteristics or the network resources usage. The 
controlling entity change should not involve a significant radio signalling cost.
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